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Different estimates of phosphorus loads were evaluated. Good agreement
exists between the different estimates, and those differences that do occur
are readily accounted for. Annual diffuse tributary loads can vary as much
as 30 percent due to normal year—to-year flow variations. For example, mid—
1970 diffuse tributary total phosphorus loads to the Great Lakes were generally
higher than can typically be expected due to high tributary flow.
A mathematical model is presented which demonstrates the importance of
considering the Great Lakes an an interconnecting system. For example, Detroit
River phosphorus loads have a major effect not only on Lake Erie, but also on
Lake Ontario. From a water quality management perspective, the results show
that uniform treatment of phosphorus sources around the basin, while politically
convenient, is not economically optimal.
 As a reSult of the integration of U.S. Task D studies, it was learned that
shoreline erosion contributes about five times as much sediment to the Great
Lakes as is delivered by tributaries. The biologically available fraction of
the phosphorus associatedwith shoreline erosion is small, as low as a few per-
cent of the total, but would be significant as other sources are reduced or when
compared to the available phosphorus fraction of other sources. For example,
it appears that the biologically available sediment phosphorus delivered to the
Great Lakes from land runoff is also quite low, probably no more (and usually
considerably less) than 40 percent of the total sediment phosphorus.
Task D also investigated the effect on the Great Lakes of the large non-
point source tributary inputs that occur in early spring. Pollutants from runoff
tended to disperse quickly and few water quality changes were noted immediately
following runoff events. Thus the effect of nonpoint source inputs appears to




















of bottom sediments was found to be quite prevalent in U.S. nearshore waters,
but the effect of resuspension on water quality is not yet understood.


















in Lake Erie fish compared to Lake Superior fish may be related (among other
factors) to the fact that the tributary suspended sediment input to Lake Erie
is over 100 times greater on a unit volume basis than to Lake Superior.
MAJOR CONCLUSIONS
1. Very little information exists in the literature which directly links
land—derived pollution with impairment of Great Lakes waters. While many studies
have implicated land—derived pollution to be a cause of degradation of Great
Lakes water quality, it has proved difficult to separate the effects of non-
point source pollution from point source pollution. Although the physical and
biological effects of pollutants on plankton, benthos and fish are becoming
better known, it is difficult to determine the relative importance of the non—
point source loads.
2. The amounts of solids removed by dredging from many Great Lakes river
mouth areas were found to be comparable to the amount of suspended solids con—
tributed annually by the rivers. Control of soil erosion upstream may thus
have a significant benefit in terms of reducing the quantity of sedimented
material that must be removed by dredging.
3. Despite often being implicated as harmful to the Great Lakes, few
examples of Great Lakes impairment by road salt runoff exist. There is some
speculation that subtle but derogatory changes in the species composition of
phytoplankton in the Great Lakes may occur if chloride levels continue to
increase. For some lakes (e.g., Ontario) chloride inputs from industrial
operations are much more important than road salt runoff.
4. Despite the potential harmful impact of lead, there is currently no
evidence to indicate it is causing impairment of the Great Lakes resource.
5. Pesticides currently in use do not appear to be impairing Great Lakes
water quality. Pesticides used in the past, such as DDT, have been documented
to be harmful to the Great Lakes ecosystem and levels still exceed some water
quality objectives.
6. Texture of the soil material appears to be the most important indicator
of the magnitude of nonpoint source pollution from rural land. The Lake Erie
watershed has large areas of clay surface soils and consequently has the largest
land-derived loading of phosphorus and sediment.
7. Substantial differences in pollutant outputs can be seen between event
and stable response tributaries. The Maumee provides a good example of an event
response tributary while the Grand (Michigan) is a good example of a stable
response tributary.
8. Differences in the Great Lakes phosphorus load estimates made by PLUARG,
the Water Quality Board and the Technical Group to Review Phosphorus Loadings
are minor and/or readily accounted for.
-3-
 9. Annual diffuse tributary loads can vary considerably (as much as 30
percent) due to normal year-to—year flow changes. Mid—1970 loads of total phos—
phorus to the Great Lakes were higher than usual, reflecting high flow conditions,
particularly during 1975.
10. Waterfowl do not appear to be a significant scurce of phosphorus to the
Great Lakes.
11. The Great Lakes shOuld be viewed as a system in order to optimize cost—
effective environmental management.
12. The response of the Great Lakes to pollution abatement, including toxic
substance as well as phosphorus abatement, will likely be much more rapid than
the long period (in some cases hundreds to thousands of years) previously thought
by many.
13. Shoreline erosion on an annual basis contributes about five times as
much sediment to the Great Lakes as is delivered by tributaries.
14. The available phosphorus input to the Great Lakes from shoreline erosion
is generally small relative to other sources of total phosphorus. However,
when compared to only the available phosphorus loads from other sources, or
if compared to possible reduced total phosphorus loads resulting from phosphorus
control measures, the shoreline erosion available phosphorus load can be quanti—
tatively significant, at least for some lakes or lake sectors.
15. Overall, it appears that a rather large percentage (60 percent or more)
of the phosphorus associated with sediments delivered to the Great Lakes via
tributary suspended solids is not biologically available.
16. ROughly 40 to 50 percent or more of the tributary total phosphorus
load is likely to be in a biologically unavailable form.
17. The sodium hydroxide extraction technique as conducted for PLUARG
appears to give a good indication of potentially available sediment phosphorus.
The readily available sediment phosphorus appears, however, to be considerably
less than that measured by the sodium hydroxide extraction. Factors such as
the phosphorus status of the algal population, phosphorus concentration and pH
of the lake water and the residence time of the sediment particle in the water
can affect the rate of uptake of biological availability of sediment phosphorus.
18. Less than 50 percent of the metals associated with tributary suspended
material appear to be available.
19. During the late winter/early spring runoff period when tributary inputs
are large, synoptic remote sensing indicates that shoreline erosion and sediment
resuspension are also very important processes affecting suspended sediment levels
in the Great Lakes.
20. The effect of large runoff inputs were not observed to cause major bio—
logical and chemical changes in Great Lakes waters immediately following the
event.
Rather, the effect appears to be long-range and cumulative.
-4-
  
 21. Pollutants from a runoff event generally are quickly dispersed, with
wind speed and direction playing a major role in the movement of the river plume.
22. Most of the sediment and associated pollutants which enter the western
basin of Lake Erie during the early spring runoff period are apparently trans-
ported to the central basin by early summer.
23. Resuspension of Great Lakes nearshore sediments is a major contributor
to suspended solids levels found in the Great Lakes. Sediments from Saginaw
Bay, western Lake Erie, SOuthern Lake Michigan and western Lake Superior have
the greatest potential for affecting water quality as a result of wind-induced
reSuspension.
































































Erie than Lake Superior.
 
 RECOMMENDATIONS FOR FUTURE STUDY
1. The quantitative importance of wind erosion as a nonpoint source of
pollutants needs to be determined. Pollutants derived from wind erosion are
likely distributed to the lake Surface over a wide area and thus have different
ecological effects than tributary inputs which empty into river mouth areas.
2. The effect of phosphorus removal practices on concentrations of toxic
substances in municipal treatment plant effluent needs to be studied.
3. The biological availability of phosphorus leaving treatment plants
should be investigated for different treatment processes.
4. Availability of sediment phosphorus derived from land runoff needs
further study. The kinetics of uptake by algae of sediment-bound phosphorus
also needs further illumination.
5. The ecological importance of resuspension of sedimented material in the
Great Lakes is a prime research need. Information is urgently needed on whether
or under what conditions resuspended particulatematerial can take up or release
contaminants.
6. The potential importance of sediment input on moderating levels of toxic
contaminants in Great Lakes fish needs to be investigated. The effect of re-
ducing sediment input through nonpoint source control programs on toxic contami—




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































of the proposed "target phosphorus loads" found in the new 1978 U.S.—Canadian
Great Lakes water Quality Agreement.
The following chapter, entitled "Predicting Impacts on the Lakes", provides
specific information on modeling the response of the lakes to changes in the
phosphorus input, including changes in the land—derived portion of the input.
It treats the Great Lakes as an integrated system and highlights the effects
that control strategies in one portion of the lake may have on another.
The final chapter, "Summary and Evaluation of U.S. Task D, PLUARG", sum-
marizes and integrates all the different aspects of U.S. Task D, PLUARG. The
main activities of U.S. Task D include (1) Assessment of Shoreline Erosion,
(2) Survey of River Sediment and Associated Water Quality, and (3) Effects of
River Inputs. All of these activities are linked together, so it is necessary
to look at the overall results to put the Task D effort in proper perspective.
Consequently, the summary and integration provide an overview of the degree
to which Great Lakes water quality has been impaired by land-derived sources of
pollution. Since the question of phosphorus availability wasgiven major atten-
tion in U.S. Task D (Subactivity 2-5), particular emphasis is given to the appli-
cation of the availability results in the broad context of Great Lakes pollution
control.
Throughout this report the pollutants considered are those pollutants iden-
tified in the PLUARG process as being of most concern. Phosphorus is given the
most attention as it appears to be the most significant Great Lakes pollutant
found in land drainage. Suspended solids is also given attention, although its
effect on the lake is difficult to explicitly determine. The effects of certain
dissolved solids, particularly choride and silica, are also investigated.
While the above parameters, particularly phosphorus, are of concern with
regard to the ecological health of the lakes, toxic substances continue to be
the most serious and immediate concern due to their public health implications.
Consequently, heavy metals and other toxic elements, industrial organics such
as polychlorinated biphenyls, and pesticides are addressed in this report. How—
ever, these pollutants are generally not derived from land-associated sources
of pollution or, as is the case for pesticides, are not currently thought to






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Very little information currently exists relating nonpoint source phosphorus
pollution to changes in fish populations.
EFFECTS OF FINE-GRAINED SUSPENDED SOLIDS
Estimates of fine—grained sediment inputs to the Great Lakes from the




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































high percentage of clay —— have higher unit area loads of sediment and sediment—
related pollutants (such as phosphorus) than do coarse (sandy) or medium—





































































































































nutrients, heavy metals and organic compounds.
Another factor important in determining the unit area load of a particular
pollutant for a given area is the chemical composition of the soil mineral and
organic constituents. For example, the natural fertility of calcarious soils,
meaSured by its phosphorus content, results in high unit area loads of dissolVed
phosphorus. In fact, natural fertility may be much more important than added
fertilizers in determining loads in some areas.
Numerous other land form factors also influence unit area loads. These
include slope and physiography, drainage density, presence of wetland areas,
depth and quality of groundwater and sub-soil condition.
Land Use and Management Factors
The magnitude of the effect that land use and management has on unit area
loads can be seen by comparing the relative sedimentyields of different land























pattern for sediment and phosphorus, as shown in Table l (PLUARG, 1978a).
TABLE 1
PILOT WATERSHED UNIT AREA LOADS (kg/ha/yr)
 












Cropland 20 - 5,100 0.2 - 4.6 0.05 - 0.40
General Urban 210 - 1,750 0.3 - 2.1 0.05 - 0.30





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 FI GURE 2
SOIL TEXTURE
River Basin Group 1.2
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River Basin Group 2.4
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The soil texture data developed by PLUARG is by necessity very general
in nature.
It has, however, been useful in a number of PLUARG technical
studies ;see for example, Skimin, Powers and Jarecki, 1978; and Johnson et al.,
1978). The major limitation of the data is scale——it was dgveloped for appli—
cation to areas generally no smaller than 1,000 km (400 mi ). Thus, it could
not readily be used to characterize a particular county or other small area.
There are two sources of soils information that may be useful in improving
the resolution of the data. One is the Section 208 water quality management
planning programs now being completed throughout the basin. The other is the
modern soil survey reports available for many of the basin counties, especially
those with intensive agricultural activity. In addition, soils data has been
compiled for the Lake Erie basin by the U.S. Army Corps of Engineers as part of
the Lake Erie Wastewater Management Study. The texture of the soil material in
the Ephesurface is also important when discussing runoff.
Land Cover Data
Another major component of the basinwide data base is a current inventory
of land cover. Encompassing all of the U.S. portion of the Great Lakes basin,
the land cover inventory is based on Landsat satellite imagery collected during
the spring periods of 1976 and 1977. Two Landsat satellites circle the earth
at an altitude of 570 miles, measuring the light reflected from the earth's
surface for four wavelengths of light. These data are registered for every 1.1
acres on the land surface. The information is then put on computer tapes that
can be analyzed for various land cover classes. The data base used in this
study consisted of 10 major classes (based on the USGS Level 1 classification):
wetland, deciduous forest, coniferous forest, brushland, grassland, barren,
plowed field, high density residential, commercial/industrial, and open water.
These land cover data were compiled for each of the 72 major hydrologic areas
in the United States Great Lakes basin. A further description of the Landsat
methodology and the tabulated data are available in Monteith and Jarecki (1978).
In addition to the published data on hydrologic areas, the land cover data have
also been used to generate inventories for more than 200 subwatersheds and 191
counties. Neither of these latter inventories have been published but have been
used extensively in PLUARG activities.
In order to complement the tabulated land cover data a series of six color
maps were prepared for selected areas of the U.S. basin. Each 1.1 acre cell
that had been classified in the Landsat process was assigned one of ten colors
(a color for each class). These images were then printed with hydrologic and
political map overlay information. Only two sets of these maps were prepared
and are available for use at either the Great Lakes Basin Commission office in
Ann Arbor or the Great Lakes National Program Office of the U.S. EPA in Chicago.
As was the case with soil texture data, the major limitation on the use of
the land cover inventory is scale. The data were developed to be used on a re-
gional scale using inventory and classification procedures Suitable for covering
large areas efficiently. As a result, the accuracy of the tabulated data declines
as the area of interest gets smaller. Although the classification for a single
1.1 acre cell could be reported, the practical limit of resolution is around
















Included on soil texture maps
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 A comparison was made between the PLUARG data and existing 208 planning
data for developed land in the U.S. coastal counties. For the PLUARG infor—
mation, developed land was defined as the high density residential and the come
mercial/industrial grOups. A linear regression, with the independent variable
being the PLUARG data and the dependent variable the 208 data, provided a good
correlation with r=.93. The analysis showed that in areas with high densities
















































































































































































overview of the developed classes.


























































































































































































































































































































































































































































































































































































































































































































































































































while not directly applicable to assessing nonpoint source loads, is useful in
evaluating the overall material balance of the lakes.
A great deal of information has also been compiled concerning point source
loadings, both directly to the lakes as well as to tributaries; this information
has been used in the evaluation of pollutant transport reported elsewhere in the
report. Information of this kind is essential if nonpoint source inputsare to
be measured and evaluated relative to other sources of pollutants. It is also
important if the information base is to be used in making management decisions.
As was pointed out in the PLUARG final report, both point and nonpoint source
inputs must be evaluated in a management framework.
Other Information. Since PLUARG completed its report a great deal of in—
formation related to both point and nonpoint source pollution has become avail-
able--primarily from the state and regional Section 208 water quality planning
programs. It includes the detailed land cover and soils data mentioned earlier
as well as population projections, point and nonpoint source problems, and manage-
ment plans. Efforts are presently underway to collect this information and suur
marize it in afOrnluseful to resource planners and policymakers. Also included
in this effort will be information from other pertinent scurces, such as the
Corps of Engineers Lake Erie Wastewater Management Study.
ANALYSIS OF LAND FACTOR/WATER QUALITY RELATIONSHIPS
The first section of this chapter briefly outlined the relationships be-
tween land factors and water quality. These relationships are generally well
supported from both theoretical and empirical perspectives. This section pre-
sents the results of several studies designed to characterize this relationship
in more detail through the application of statistical procedures. The discussion
is presented in three parts: a brief review of the literature, including those
studies carried out as a part of PLUARG; a comparison of two major tributaries,
the Maumee and Grand rivers; and an overview of land factor—pollutant load re-
lationships on a basinwide basis.
Review of Related Literature
 
The most comprehensive study dealing with the influence of land factors
on water quality using statistical techniques seen to date was recently completed
by EPA (Omernik, 1977). Using data collected at more than 900 locations nation—
wide, correlation and regression techniques were used to examine the strength
of the relationship between "macro—drainage area characteristics" (particularly
land use) and stream nutrient concentrations (total and inorganic forms of ni—
trogen and phosphorus). Important products of the study were predictive equa-
tions and nationwide maps of predicted stream nutrient concentrations. The best
predictor of nutrient concentrations was found to be percent of the watershed
in contributing land use (Z urban + Z agriculture, with correlation coefficients
ranging from 0.50 to 0.75). The regression equations were functions of the
form:




No significant improvement in predictive capability was gained using more conr
plicated models. It was also found that "differences in nutrient loads in streams
associated with different land use categories were not as pronounced as differ—
ences in nutrient concentrations."








































































































































equations were each of the form:


































































































































































































































































































































































































































































































































































































































































































































































   
or unit area load) is the tremendous variability observed in the dependent (water
quality) variables, even when land factors are held constant. The Task C results
described earlier demonstrated the extent of this variability: unit area loads
of suspended solids from cropland ranged from 20 to 5,100 kg/ha/yr, while total
phosphorus loads of 0.2 to 4.6 kg/ha/yr were observed. A large portion of this
variability may be accounted for if other physical factors were included, such
as soil texture class. Other important sources of variation include land
management and cropping practices, physiographic factors, and local climate
variations. '
Because of the widely fluctuating characterof the data, an analysis of
the patterns of variability may be a more fruitful approach to the problem.
This approach was used previOusly to examine differences among watersheds around
the Great Lakes (Monteith and Skimin, 1978). VariOus subsetsof the total sample,
which included suspended sediment data for 25 tributaries, were defined based
on the dominant land cover (forest versus agriculture) and SOil texture (clay,
loam or sand) found in each watershed. Frequency distributions for sediment
concentration were developed for each subset and comparisons made. For example,
Figure 16 shows three frequency distributions for forested watersheds with sand,
loam and fine—textured soils, respectively. In a similar fashion, Figure 17
shows frequency distributions observed for forested and agricultural watersheds.
Similar patterns were found by Omernik (1977) on the basis of phosphorus and
nitrogen concentration.
Comparison of the Grand and Maumee
 
Daily concentration and load estimates for total phosphorus and suspended
sediment covering periods of approximately 15 months were used to compare the
Grand River of Michigan and the Maumee River of Ohio. Comparisons were made
using the frequency distributions of the loads, as well as general patterns in
the seasonal nature of the two rivers. Although the watersheds are similar in
terms of size (14,660 km2 verSus 17,100 km2 for the Grand and Maumee, respec—
tively) and general climate, the two differ markedly in dominant soil texture
(see Figures 5 and 10), intensity of agricultural activity and importance of
point source inputs.
The results presented additional evidence that streams with extensive areas
of clay in their watersheds behave very differently than Watersheds with rela—
tively little clay. Based on the sample data for the Grand and Maumee rivers,
these differences extend to the general distribution of flow and pollutant load
values as well as relationships among flow and the concentration of pollutants.
Specifically, the results showed that the sample distributions of flow, sediment
load and total phosphorus load for the two rivers are significantly differenti‘
Large differences between mean and median values showed that high load events ~
are much more significant_on the Maumee than on the Grand.
" substantial differences were also found in the flow and concentration.eu
In the Grand,3phosPhorus concentration remains essentially stable throughout
much of the year, regardless of variations in flow. Nor are there apparent
relationsh ps between sediment concentration and either flow or phosphorus.























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The results of these analyses are summarized below.
Sediment and Total Phosphorus
Several past attempts to relate observed water quality conditions to various
land factors using statistical techniques were described earlier. Two in par—
ticular, those prepared by Omernik (1977) and Lystrom et al. (1978), illustrate
two different approaches to the same problem. Omernik utilized data from more
than 900 sites collected across the nation. In an attempt to develop predictive


















independent variable in a function of the form:












































cover, coefficients of determination ranged from 0.27 to 0.56.






































































































































































is still an unexplained variance of up to 44 percent.











































































































































































































































































































































































































fact that both are relatively "simple" in terms of potential pollutant sources;
neither one is dominated by major urban areas or extensive areas of agriculture
on fine—textured soils. This may result in a more clear-cut link between land
factors and resultant water quality conditions.
There are, of course, other factors which may be involved in the Lake Su—
perior and Huron results. For instance, many of the streams in the Lake Superior
basin are relatively short, with small drainage areas. In another part of this
analysis, it was found that the best correlations between total phosphorus load
and land factors was for watersheds of less than 500 ka. In the Lake Huron
basin, many of the streams drain forested areas with coarse—textured soils.
These streams would tend to be non—event responsive, with much more stable flows
and a relatively narrow-range of phosphorus concentrationvalues. This could
also improve the correlation results.
The importance of urban areas was suggested in the results for Lake Michigan,
where percent urban area was the variable most highly correlated with total phos-
phorus load. The analysis indicates that, as the level of urban development in
a watershed increased, the relationship between total phosphorus load and other
land factors became less clear. This may reflect the importance of constant
point source inputs from municipal treatment plants relative to the variable
inputs from the land surface.
As was stated at the outset of this discussion, the analysis of loads as a
function of land factors using statistical methods often does not yield clear—
cut results, even when the empirical evidence for such a relationship is quite
strong. Limitations on the capability of statistical methods in this context
do not appear to have been overcome by increased observations or the addition
of more independent variables.
An analysis was also conducted of data on the concentration of heavy metals
associated with Great Lakes river mouth data which was presented in Fitchko and
Hutchinson (1975). Once again, little additional insight was gained from this
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1. International Joint Commission (1977f)
2. International Joint Commission (1978) n
3. Pollution from Land Use Activities Reference Group (1978a)
 Inconsistencies are to be expected given the large amount of data that
must be synthesized and the constantly changing status of this information.


























































































































































































































































































































































SOURCES OF DATA FOR PHOSPHORUS LOAD ESTIMATES










































































































































































































































Quality Board/Task Group estimates.
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of estimates by the Basin Commission and Water Quality Board and emphasizes the
difference in the rivers investigated and the number of measurements upon which
the loads were based. This report should be consulted for more detailed infor—
mation.
Listed below is a summary of the difference in total phosphorus load esti-
mates (sum of all sources) for each of the lakes.
Lake Superior
Little difference exists between load estimates for Lake Superior. PLUARG
reported a slightly higher total load, largely as a result of a higher atmospheric
phosphorus loading estimate.
Lake Michigan
Little difference exists between the total load estimates. The somewhat


































































































































































































































































































































SUMMARY COMPARISON OF LAKE ERIE 1976 TOTAL PHOSPHORUS LOADS AS













Task Group 7,732 6,957
PLUARG 7,732 5,699
Canada

























































































































































































































































































































































Task Group (U.S. Army Corps of Engineers, 1975) 6,957









































Engineers estimates) and Great Lakes Basin Commission estimates are fairly close.
The PLUARG estimate is similar to the Water Quality Board estimate. Since the

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 period of record, except for Lake Superior tributaries whose flow was close to


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































land-derived pollutants to the Great Lakes.
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 To illustrate the fluctuations that can occur in flow, all gaged flows for
U.S. and Canadian rivers were summed for the years 1958 through 1977 and plotted
in Figure 18. The gaged flow was then extrapolated linearly to the ungaged area
to produce a total land runoff for each year over the 20 year period. In this
figure it can be seen that a high of 250,000 cfs occurred in 1969, and a low of
156,000 cfs occurred in 1963. This is an increase (from 1963 to 1969) of 60 per—
cent over only a six year period. The flow fluctuation is also illustrated
(Figure 19) by the flow out of the St. Lawrence River, which drains the Great Lakes.
FIGURE 18
TOTAL MEAN ANNUAL FLOW FOR TRIBUTARIES TO THE GREAT LAKES






















































MEAN ANNUAL FLOW FOR THE ST. LAWRENCE RIVER






























































































Variability of Tributary Load
 
In order to provide an insight into the year—to—year variability of land run—
off inputs of total phosphorus to the Great Lakes, upper and lower bounds of the
diffuse tributary loads were estimated based on historical flow data. These bounds
were derived by assuming that the mean annual load varies directly with the mean
annual flow. The appropriateness of this assumption was initially determined by
calculating the ratio of the estimated U.S. diffuse total P tributary load to the
flow in each of the Great Lakes (Table 8). Data for these calculations were
derived principally from Sonzogni et al. (1978) and Table 7.
Note that Table 8 shows relatively good consistency in the load to flow ratio
between 1975 and 1976. Also, average ratios were all between 1.6 and 3.0 except
for Lake Erie, which had a significantly higher load to flow ratio. This higher
ratio is probably the result of the characteristic of the Erie watershed (high
clay content; event response tributaries). Less intensive sampling of non—Lake Erie
tributaries and a consequent underestimation of the tributary load (see Sonzogni
et al., 1978, for further explanation) may also contribute to the difference in
ratios between Erie and the other lakes.
-53-
 TABLE 8
RATIO OF U.S. DIFFUSE TRIBUTARY TOTAL P LOAD (METRIC TONS/YR)
TO TOTAL TRIBUTARY MEAN ANNUAL DAILY FLOW (M3/S)
lQZQ. 1219 Average
Superior 2.6 2.0 2.3
Michigan 1.4 1.7 1.6
Huron 2.5 2.6 2.6













































































































































































































































































































































































































































































































































































































































































































































































































































































































































Superior 224 325 424 523 623 475 417
Michigan 538 890 1067 1244 1699 , 1229 1305
Huron 170 272 350 427 538 429 499
Erie 170 364 526 688 906 645 674
Ontario 330 361 505 662 823 555 767
1. Flow from ungaged areas were estimated based on linear extrapolation



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































 3. About 35,000 black ducks winter along Lake St. Clair, the
Detroit River, and the marshes of Lake Erie.
While precise estimates of phosphorus added by all waterfowl to the
the Great Lakes per year are fraught with uncertainties, by reference
to some earlier work (Manny et al., 1975), I would say the phosphorus
added by Canada geese, mallards and black ducks to the Great Lakes
basin would not exceed 30,000 kg per year."
As can be seen from the above response, little quantitative information
exists on the effect of waterfowl on Great Lakes phosphorus loads. However, it
does appear that phosphorus contribution from waterfowl are not significant
relative to other sources.
TRANSMISSION OF PHOSPHORUS BY TRIBUTARIES TO THE GREAT LAKES
One of the most difficult problems to deal with in trying to determine the
relative significance of diffuse and point phosphorus sources is the question of
transmission within the tributary system. Transmission is affected by many physio-
chemical and biological factors as the pollutant moves through the fluvial system.
In an effort to provide a better understanding of potential transmission losses,
Sonzogni et a1. (1978), classified point source inputs as either an "upstream"
or "downstream" source. The cutoff between the upstream and downstream source was
arbitrarily chosen as approximately 50 river kilometers upstream from the river
mouth, or at the outlet of an impoundment or lake-like widening of the river where
such occurs within 50 river kilometers of the mouth. Grouping both municipal and
industrial point source data into these upstream and downstream categories allows
calculation of different point source deliveries to the rivermouth when various
transmission percentages are assumed.
In order to evaluate the potential effect on the load at the lake from
different transmission losses of total phosphorus, two basic assumptions were
considered. First, a 100 percent delivery of all downstream point sources to
the Great Lakes was assumed; second, 50 percent delivery of all downstream sources
to the Great Lakes was assumed. In the first case, a range from 100 to 0 percent
(in increments of 10 percent) delivery of upstream point sources was considered;
in the second case, 50 to 0 percent. Using this approach and summing the results
for 110 rivers representing 80 percent of the total U.S. drainage basin, a total
U.S. Great Lakes diffuse unit area load in kilograms per square kilometer per
year was calculated, as well as percentage of the total load that would be diffuse
if indeed the point sources were transmitted according to the assumptions.


















70 percent of the total tributary load to the Great Lakes would be diffuse, with
the remaining 30 percent due to those point sources. If, in the other extreme,
none of the upstream point sources were delivered and only half of the downstream
point sources were transmitted to the Great Lakes, 96 percent of the tributary
load would be diffuse. Over a long period of time (e.g., 20 years) most of the
point source material will likely reach the lakes, unless major imp0undments or
other sinks are found along the river course. Thus, ultimately most nutrients,
solids, and toxics should be transmitted (though they may be in a different
 TABLE 11
TRANSMISSION OF POINT SOURCE TOTAL PHOSPHORUS TO THE GREAT LAKES


























































































































































































30.0 50.0 89.3 50.0
20.0 50.0 91.5 51.2
10.0 50.0 93.7 52.5
0.0 50.0 95.9 53.7



































































3391 SAMPLES WERE USED FOR 110 RIVERS
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 physical—chemical form) to the Great Lakes. In event response tributaries, due to
their more flashy nature, there is a greater potential for the system to be
flushed. Thus, they have a higher and more rapid transmission potential.
Uncertainty about the effect of impoundments on riverine pollutant transport
is particularly acute for streams draining into eastern Lake Michigan. Many of
these streams have been impounded and, most importantly, have lake—like widenings
at their mouth. Because of the estuarine exchange with the open lake, it is
difficult if not impossible to determine the effect of these lake-like widenings
on transmission. In fact, for many tributaries the closest monitoring station is
upstream from the lake-like widening. Because many of these widenings probably
do reduce delivery of certain pollutants, some tributary inputs for these areas
are likely overestimated.
Many factors besides impoundments must be considered in understanding trans—
mission. For a given watershed if most point source discharges occur in the
upper portion of the watershed, overall transmission of point sources is likely to
be smaller than if point source discharges occurred nearthe mouth. Such is the
case for several tributaries draining into eastern Lake Michigan. Transmission
loss may be more important when the ratio of point source contributions to non—
point source contributions is high. When point sources are high, transmission
losses may be relatively high, since point source inputs occur all year, including
the low flow period when transmission loss potential is the highest. On the other
hand, nonpoint source contributions occur when flows are highest and transmission
loss is minimal. When point source inputs are low relative to nonpoint source
input, point source delivery losses on an annual basis can be a small percentage
of the total load. Thus, transmission losses may be more pronounced in streams
receiving high point source inputs relative to nonpoint source inputs.
It also is likely that some pollutants from upstream point sources are
immobilized by in—stream sediments. However, this is probably only a tem—
porary sink. During high flow runoff events, these pollutants are likely
delivered as part of the diffuse source pollutant load of the tributary.
The above analysis illustrates the importance of understanding transmission
phenomena when trying to determine the impact of either point or nonpoint source
controls on phosphorus loadings. Variations in transmission from river to river
must be recognized as a significant obstacle to pinpointing the effectiveness of
any type of control. Controls also must be evaluated over a long period of time,
for it is impossible to understand transmission with one or two years of data.
 
  



































































































































































































































































































































































































































































































































































































































































































A = the segment's surface area, km
—63—
 In cases where the segment is adjacent to more than one other segment
(for
example, Upper Green Bay has interfaces with both Lower Green Bay
andLake
Michigan), additional advection and diffusion terms are included.
Equation 1 is
then written for each of the lake segments resulting in a set of ordinary
differential equations. By assuming a steady state (dp/dt = 0), these equations
reduce to a set of linear, algebraic equations that constitute the budget model
and are used to estimate losses of phosphorus to the sediments of each segment
and to calculate intersegment effects.
Sediment losses. Over an annual cycle, a fraction of a lake's phosphorus
loading is retained by its bottom sediments. The apparent settling velocity
(Chapra, 1975) is an appropriate mass transfer coefficient to parameterize this
process since it normalizes the loss to the lake's surface area. It is thus ac—
knowledged mathematically that the sediment sink is a heterogeneous reaction. A
previous attempt to model Great Lakes phosphorus budgets (Chapra, 1977) used a
value of 16 m/yr for all segments and found it to yield adequate results. In the
present case, since all the other terms in the budget are either measured or
estimated, an apparent settling velocity can be directly calculated for each
segment by rearranging Equation 1 at steady state to yield
W + prb - Qp + E'Cpb - p)
v = Asp (2)
 
Intersegment effects. The estimation of intersegment effects is based on an
approach developed by Thomann (1963, 1972) to model dissolved oxygen distribution
in estuaries. By again assuming a steady state, Equation 1 can be rewritten as
 
aP - abpb = W (3)
where a and ab are coefficients of the form
a = Q + E' + VAS (4)
and
a + E' (5)
b = Qb
Equation 3 is written for all the segments and the resulting set of equations is
expressed in matrix form as
[A] (P) = (W) (6)
where
[A] = the n x n matrix of all the coefficients, km3/yr
(p) = the n x 1 vector of phosphorus concentrationsfor the segments, ug/L




 The solution vector (p) is then obtained formally by inverting the [A] matrix
to yield
(1:) = [A1'1(w> (7)
where
[A]_1 = the inverted matrix which is termed the steady state system
response matrix, (ug/L)/(tonnes/yr)
A useful property of [A]_1 is that its elements represent the response of a segment
(as represented by phosphorus concentration) to a unit loading to any other segment
in the system. For example, the appropriate element of [A]'1 would indicate how
many ug/L of phosphorus concentration in Eastern Lake Erie would result from the
addition of a metric ton of phosphorus to Western Lake Erie.
Data
Phosphorus loading. Great Lakes total phosphorus loadings used in the model
are representative of mid-19703 conditions. They are shown in Table 7 which was
presented earlier in the report. As discussed, the loads are based on an accumu—
lation of information from many summary sources, and take advantage of the recent
work conducted by PLUARG and other studies. The majority of the information was
available for water years 1975 and 1976.
Morphometry and water movements. Data on the morphometry and water movements
of the Great Lakes (Tables 12 and 13) were derived from a variety of sources
(Great Lakes Basin Framework Study, 1976; IJC 1976a. 1976b; Burns, 1976) as well as
by directestimation from navigation charts and U.S. Geological Survey Reports.
 
The bulk dispersioncoefficient was either determined emperically from
conservative substance budgets using the method described by Chapra (1979) or was
estimated from direct measurements or calculations (Arnsbrak and Ragotzkie, 1970;
Danek and Saylor, 1975; IJC 1976a, 1976b; Quinn, 1977). In certain cases, bulk
dispersion was omitted even though an open boundary existed between two of the
segments. For example, the gradients that exist between Georgian Bay, the North
Channel and Lake Huron are small enough to justify the omission of diffusive
transport across their interfaces. In the case of Lake Erie, calculations based
on a hydrodynamic model suggest that advective transport is much more important
than diffusive transport as an exchange process between the basins (Burns, 1976).
Phosphorus concentrations. Mean annual concentrations of total phosphorus
are taken from a variety of sources (Dobson et al., 1974; Patterson et al., 1975;
Tierney, 1976; IJC, 1976a, 1976b; Smith, 1977; Chapra, 1979) as well as by '
analyzing data from the Environmental Protection Agency's STORET system and data
from the Canada Centre for Inland Waters. The results for the period from 1974
through 1976 are summarized in Table 12-
Results
Apparent settling velocities. Using Equation 2 along with the data from







PHYSICAL AND CHEMICAL DATA FOR THE GREAT LAKES FOR THE MID—19705



































































































































































































*23 km3/yr goes to North Channel while 45.5 km3/yr goes to Main Lake Huron.


















be seen, Lake Erie and the North Channel have higher v's
than the other segments.
The Lake Erie case has been noted elsewhere (Burns, 1976) and may be partly due to
the large amounts of suspended
sedimentsin its tributaries.
The North Channel
case may be due in part to year—to—year variability and/or inaccuracies in loading
estimates which range from 401 mta (IJC Technical Group to Review Phosphorus
Loadings, 1978) to 1068 mta (IJC, 1976a).
The geometric mean of Great Lakes settling velocities is 15.7 m/yr, with a
range corresponding to.: 1 standard deviation from 10.2 to 24.0. This is slightly
larger than the value of 11.4 m/yr Qt standard deviation from 3.4 to 38.1)
determined for other North Temperate lakes (Chapra, 1978). However, a Kruskal—
Wallis rank test was used to determine that the two populations were not signifi-
cantly different.
It should be noted that deviations from steady state could bias the settling
velocity calculations. The only part of the Great Lakes where a trend is evident
is Lake Ontario where total phosphorus concentration has been dropping at an
approximate yearly rate of l ug/L since 1973 (H.F.H. Dobson, Canada Centre for
Inland Waters, personal communication). Such a trend would tend to cause the
present calculation to underestimate the settling velocity and the actual value
for Lake Ontario would be about 18 m/yr. Nevertheless, for the other parts of
the system, the values in Table 12 represent the best estimates that are possible
on the basis of the existing data.
Phosphorus budget. Using the apparent settling velocities and the data in
Tables 7, 12 and 13, a total phosphorus budget for the Great Lakes is constructed
and presented in Figure 21. The most striking feature of this diagram is the
intense pressure on the Lower Great Lakes and the impact of the Detroit River
phosphorus loading. Not only does the Detroit River loading constitute the major
component of the intense pressure on the Western Basin of Lake Erie, but the
large water flow through the Lower Lakes tends to propogate its influence through
the remaining basins of Lake Erie and on to Lake Ontario. This is in contrast to
the Upper Great Lakes (Superior, Michigan and Huron) where low flow—volume ratios
tend to minimize interlake effects and, in general, a large fraction of the
loading is retained by each lake. These effects are given quantitative expres—
sion in the next section.
Intersegment effects. The steady state system response matrix, [AJ—l, is
calculated and presented in Tables 14 and 15. Table 14 (based on long-term
average flows) expresses the conventional form of the matrix; i.e., each element
represents the response of a segment in ug/L to a unit loading change of 1,000
mta to any other segment. It can be used to answer such a question as: what
would be the improvement in Lake Ontario, if the loading to Central Lake Erie
were reduced by 1,000 mta? The element corresponding to the loading to Central
Erie and the response of Lake Ontario shows that a 0.345 ug/L improvement would
result from such a measure. It should also be noted that because the model is
linear, to derive the response to a 2,000 mta reduction of the Central Erie
loading, one would simply double the matrix element; i.e. a 0.690 ug/L improve-
ment would result. Furthermore, another advantage of linearity is that super—
position holds and any combination of control measures can be analyzed and the
results are additive.


































































S = Sediment losses
Erie
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 Table 15 (based on mid-1970 flows) presents the system response matrix in an
alternative way by multiplying each column by the actual measured loadings. In
this case, each row in the matrix represents a breakdown of what every segment
contributes to the phosphorus concentration of every other segment. This can be
demonstrated by the response row for Eastern Erie, where it can be seen that a
large portion (6.26 ug/L or 36 percent) of its phosphorus concentration of 17.2
ug/L is due to the loadings to Western Erie.
Discussion
By demonstrating that the segments of the Great Lakes cannot be considered
as isolated entities, the foregoing analysis shows that Great Lakes eutrophication
should be approached from a system's perspective. A further advantage of the
"systems" approach is that it can form the basis of an economic optimization of
the phosphorus reduction program for the basin.
To date, the eutrophication control program on the Great Lakes has been
developed from more of a legalistic than economic perspective in that phosphorus
reduction measures have been applied with a certain equanimity across the basin.
For example, the present strategy limits the effluents of all major treatment
plants to less than 1 mg/L. While such a strategy has legal or political
advantages in its implementation (i.e., all wastewater treatment plants are
"created equal"), it is suboptimal in a systems engineering sense. It does not
consider the effectiveness (or benefits) to be achieved by the level of treatment
in the various segments of the system nor does it optimize the effects on the
Great Lakes for a given level of cost. In other words, money might be better
spent on a non—uniform control strategy.
This can be demonstrated using Table 14 to contrast point source control for
Lake Superior with that for Lake Erie. The removal of 500 mta from the Lake
Superior load would result in only a 0.6 ug/L improvement in its own concentration
(although some local or nearshore improvement could occur) with minimal benefit to
the rest of the Great Lakes system. Removal of the same amount from Western Lake
Erie, on the other hand, would result in improvements of 1.8, 0.5 and 0.3 ug/L to
the Western, Central and Eastern Basins, respectively, as well as a 0.1 ug/L
improvement in Lake Ontario. Additionally, the cost of the removal would be
different in each basin and it also might be considered more beneficial to
improve the degraded, highly populatedLower Great Lakesthan to spend money
removing nutrients from unfertile Lake Superior.
With regard to the Lower Great Lakes, it is clear that they receive a large
phosphorus input relative to their size compared to the other Great Lakes.
Western Lake Erie in particular receives a large phosphorus input. Thus, it is
not surprising that Lake Erie is the most eutrophic of the Great Lakes and has
the highest phosphorus concentrations. However, the amount of reduction in
loading that can be practically achievedis also greater for Lake Erie. For
example, limiting Detroit River municipal point sources to the l mg/L.P level
will reduce the phosphorus delivered to the western basin by several thousand
metric tons. As discussed above, this would have a measureable effect not only




While the present model would be a somewhat crude basis for a detailed cost—
benefit analysis, it does Show how mathematical models can be used in such an
analysis as a link between the causes and effects of water qualtiy control
programs.
Hopefully, future management of Great Lakes water quality will adopt a
similar perspective as it becomes increasingly apparent that environmental needs
must vie with other societal priorities (such as energy, education and health
care) for limited public funds.
RESPONSE TIMES
Phosphorus
Although the previous discussion of the total phosphorus budget model does
not explicitly consider response times, the time of response to smaller phosphorus
loadings is extremely important. Further, it is important to understand that a
decreased phosphorus loading to an upper lake segment will have a delayed effect
on a downstream lake segment. Currently, work is continuing to generate a matrix
of response times for the system (i.e., the time Lo reach a certain percent of the
new steady state in any segment of the system due to a step decrease in loading in
any other segment).
While response times of intersegment reactions to phosphorus input reductions
have not yet been computed, estimates are available on the response time of
individual lakes (Sonzogni et al., 1978a).
These estimates of response times, reflective of current information, are
much moreoptimistic than previous estimates which called for relatively slow
improvement of the lakes following phosphorus control. The response times for
Saginaw Bay and Lake Erie are now estimated to be in the order of one to two
years or less. The response time for Lake Ontario is estimated to be about six
to seven years. The response time for Lake Superior is estimated to be about
15 to 20 years, while Lakes Michigan and Huron are thought to have response times
of about five years. Thus, it appears that phosphorus controls may have a rapid
effect despite the size of the lakes.
While such predictions are optimistic, it must be again remembered that the
current phosphorus models do not consider the availability of total phosphorus
inputs. Disproportionate control of available versus nonavailable phosphorus
inputs may cause lake recovery to differ from what might be predicted from the
change in total phosphorus loads alone. Mere work is needed on understanding and
modeling the biological availability of phosphorus inputs to the Great Lakes.
Toxic Substances
Of the toxic substances which have found their way into the Great Lakes, the
insecticide DDT, and the fire retardant PCB, are perhaps the best known and most
studied. Both chemicals have seriously contaminated organisms in the Great Lakes
system. Great Lakes fish have been particularly affected and, in some cases,




Although firm actions have beentaken to reduce or prevent further inputs of
DDT and PCBs into the Great Lakes, a major question facing planners and managers
is how long dangerously high contamination levels will persist. Many have
thought that recovery would be extremely slow due to the stability of these
contaminants. However, recent evidence points to the possibility of a more rapid
recovery. Much of this expectation is based on the considerable decrease in the
levels of DDT found in Great Lakes fish. This new data, based on a monitoring
program that has been carried out since a ban was placed on the use of the pesti—
cide in the basin, indicates DDT should disappear completely from fish in the
lakes in 25 years or less (Bierman and Swain, 1978). Previous scientific esti—
mates ranged up to 100 years. Permanent trapping of DDT in the bottom sediments
appears to be the mechanism which accounts for the loss from fish.
The rapid disappearance of DDT has also sparked some optimism for rapid
removal of at least some of the PCBs in Great Lakes fishes. Based on research
conducted at the University of Wisconsin (Weininger, 1978), it is estimated that
about 80 percent of the PCBs in fish could be permanently lost to bottom sediments
in a matter of years. The other 20 percent will probably remain in the system for
a long time due to constant recycling from sediments.
The PCB problem is complicated by the fact that, although major controls
have been placed on PCB use, considerable quantities are still finding their way
into the lakes. Nevertheless, the fact that a good portion of the PCBs in the
system may disappear rather quickly once sources are eliminated or reduced pro~




SUMMARY AND EVALUATION OF U.S. TASK D, PLUARG
In the detailed PLUARG study plan (International Joint Commission, 1974),
Task D is defined as "diagnosis of the degree of impairment of water quality
in the Great Lakes, including an assessment of contaminants contained in sedi—
ments, in fish, and in other aquatic resources." It states further that "Task
D is devoted to the bOundary waters, their effect upon water quality and their
significance in these waters in the future and under alternative management
schemes." Consequently, a separate study plan was developed for U.S. Task D
(International Joint Commission, 1976c) to put a perspective on these questions
and to answer them to the extent possible, based upon available information
developed in the Task D study or elsewhere.
The degree of impairment of water quality in the Great Lakes is not only
a function of nonpoint pollution derived from land sources, but is the result
of all types of pollution loadings, including municipal and industrial inputs,
atmospheric sources, shore erosion, and internal loadings. Since all sources
of pollution combine to contribute to the impairment of water quality in the
lakes, it is often difficult to separate out the individual effects of the pol—
lution sources. However, it is possible to look at the comparative loadings
of all sources and to evaluate the relative importance of each source on Great
Lakes water quality. The emphasis of the U.S. Task D effort was to look at all
sources of pollutants in order to determine the relative importance of nonpoint
SOurce loadings to the lakes. This chapter attempts to summarize and integrate
the results of the U.S. Task D activities and in so doing determine, to the
extent possible, the relative significance to the Great Lakes of pollution from
land drainage.
Pollution from land SOurces is principally of the diffuse type; not con-
centrated at any onepoint. For example, fish are mobile and can pick up con—
tamination from many different locations within the Great Lakes. Despite the
inherent difficulties, a number of studies within Task D and elsewhere have
attempted to assess the degree of contamination of fish, sediments, and other
Great Lakes aquatic resources. But a definitive answer as to how and to what
extent Great Lakes water quality has been degraded due to land—derived pollutants
(one of the charges to Task D) is not possible at this time. The International
Joint Commission has been trying to answer questions such as these since its
inception in 1909.
U.S. Task D was divided into three major activities. The first activity
was designed to answer the question of whether shore erosion is a significant
pollutant source to the lakes. In order to do this, estimates of the quantity
of shoreline erosion were made for the entire U.S. shoreline. In addition,







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The input of sediment from U.S. shoreline erosion is high relative to other
sources, especially for the upper lakes. Considering only the fine—grained
portion of the shoreline sediment input (the coarse-grained material is likely
to settle rapidly with little ecological effect), the load is considerable.
The lower lake shoreline erosion input also becomes more important when the
Canadian shoreline load is considered. For example, Thomas and Haras (1979)
report that Canadian shoreline erosion contributes approximately 9,000 to 14,000
metric tons of sediment per year to Lake Erie. Over 20 percent of this Canadian
input was reported to be fine—grained (clay sized). Consequently, it is clear
that shoreline erosion is a major, and in some cases the major, source of sediment
to the Great Lakes, even when only the ecologically important fine-grained fraction
is considered.
The amount of sediment contributed to the Great Lakes by shore erosion
varies widely fromone shoreline county to another. Leelanau County, Michigan
(on Lake Michigan), contributes the largest total amount of sediment via U.S.
shoreline erosion. Bayfield County, Wisconsin (on Lake Superior), contributes
the next largest amount. In terms of loading per kilometer of U.S. shoreline,
Allegan County, Michigan (which borders Lake Michigan), has the highest loading
rate. Canadian researchers (Thomas and Haras, 1979) reported 80 percent of the
total sediment loading to Lake Erie from Canadian shoreline erosion was contributed
by one reach from Rondeau to Long Point (roughly one—third of the Canadian shore—
line). On a lake basis for the U.S. side, Lake Michigan shorelines have the
highest erosion rate per kilometer of shoreline, followed by Superior, Erie,
Ontario, and Huron, reSpectively. Lake Michigan shorelines were found to have
the highest percentage of sandy soils, while U.S. Lake Superior shorelines were
found to have the highest percentage of loamy and clayey soils. Consequently,
the quantity and quality of eroded material is not equally distributed along
the shoreline.
The relative importance of shoreline erosion as a source of sediment is fur-
























































streambank erosion, point sources and wind erosion. The importance of wind


































































































































































































































































COMPARISON OF SEDIMENT INPUT FROM SHORELINE EROSION WITH INPUT FROM TRIBUTARIES
103 metric tons/1;.



































Further, the more exposed and biologically active surface soils are removed in
sheet erosion, while in shore erosion the entire profile is eroded.
Because of the large volume of material eroded from the bluffs along the
U.S. Great Lakes shoreline, the loadings of the total forms of various chemicals
associated with the eroded material is relatively high, at least for certain
parameters. Undoubtedly, a large percentage of the chemicals associated with
the eroded shoreline material is rapidly lost to the lake sediments and does
not interact to any degree with lake waters. Further, the uptake by the eroded
particulate material of constituents dissolved in lake waters, such as phosphorus
or heavy metals, c0u1d be just as important environmentally as the release of
contaminants.
Phosphorus. Because of the large volume of material contributed to the
Great Lakes by shoreline erosion, the loadings of total phosphorus associated
with the shoreline material is high. However, the potentially biologically
available fraction of phosphorus appears to be small relative to the total.
Based on data from U.S. Task D studies (Armstrong et al., 1979), the available
phosphorus associated with recessional shoreline samples ranged from one to eleven
percent of the total phosphorus. Thomas and Haras (1979) reported the available
phosphorus fraction of the Lakes Huron, Erie, and Ontario shoreline erosion
phosphorus load to be considerably higher, ranging from abOut 10 to 40 percent.




















a small portion of the combined load of total phosphorus from other sources.






















































































































































tary phosphorus load is available, the shoreline erosion available phosphorus







































































































































































































































































































































































































































































































































 Other Parameters. The estimated nitrogen loadings to the Great Lakes from
shoreline erosion were judged to be small relative to nitrogen loadings from
other sources. Organic carbon loadings were estimated, but no conclusions could
be reached from the data. Silica was not measured in this study, but because
silica is a major component of soils, particularly sandy soils, the total con-
tribution would be expected to be relatively large. The fraction of this silica
that becomes available for diatom growth is unknown, however.
In general, metals associated with eroded shore materials were not judged
to be important as a source of pollutants to the Great Lakes. While levels of
the total forms of some metals may be significant relative to other sources, the
amOunt of the total metal that is available to biota is probably low. Anthro-
pogenic sources of metals have undoubtedly a much more important influence on
Great Lakes water quality. Highest loadings of metals would probably be found
in areas of shoreline with high clay content, such as the red clay area of the
Lake Superior coastline. Total loadings of iron and manganese appear to be
significant relative to estimated total tributary loadings for Lake Huron and
Lake Superior, but theecological significance is not known. Overall, shoreline
erosion inputs of sediment and phosphorus, and possibly silica, are probably of
most importance ecologically.
Overall Impact
The shore erosion process has been occurring for thousands of years along
the Great Lakes, and loadings from shoreline erosion must be considered a natural
occurrence and not man—derived. undoubtedly, large percentages of chemicals
associated with the eroded shoreline material are rapidly lost to the lake sedi—
ments and do not interact to any degree with lake waters. Further, in some cases
the eroded particulate material may actually remove dissolved constituents, such
as phosphorus or heavy metals, from lake water thrOugh sorption or ion exchange
processes. 'Nevertheless, shore erosion can contribute to turbidity, sedimentation
and, in the case of phOSphorus, can measurably contribute to the available phos—













































































nonpoint sources, as well as the biological availability of the parameters, was
emphasized.



























































































































































organization formed the basis for all tributary loading work, since without
consistent watershed boundaries meaningful and comparable loading data cannot
be developed.
River mouth sampling data from 550 tributaries to the Great Lakes were
identified. Data considered included soluble and particulate nutrients, pesti—
cides, heavy metals, and refractory organics (i.e., persistent organics, such
as PCBs, not normally classified as pesticides), water discharge and sediment.
Approximately 30 percent of the tributaries considered were found to have
Sufficient water quality data to calculate annual loadings. About 14 percent
of these tributaries were gaged at a representative river mouth gaging station;
however, this represents a gaged area of 65 percent of the total U.S. drainage
area. 0f the 550 tributaries identified, 102 were considered to be major tribu—
taries, the remaining being relatively minorstreams that individually are not
likely to have a major influence on the Great Lakes (except for possible local
effects).
In general, there is a good water quality data record for Great Lakes tribu—
taries from the standpoint of monthly monitoring. However, flow datagenerally
lag behind water quality data in terms of the number of tributaries adequately
monitored. Also, the information that is available on many tributaries can lead
to an underestimation of total loadings of at least some parameters due to the
lack of data during high flow periods, when a large portion of the total annual
loading can occur. Very few streams were found to have data available specifically
for runoff events.
Few data were found for heavy metals, pesticides, and refractory organics
from which loading calculations could be made. Most data on these parameters
are based on grab—type samples. A number of tributaries were also found to be
deficient in dissolved reactive phosphorus data. In general, however, key loading
parameters, such as suspended solids, nitrogen species, total phosphorus, and
chloride, have been routinely monitored in most sampling programs.
As a result of Task D's investigation of available data, it was decided
that additional monitoring should be carried out on a representative tributary.
The Grand River, due to its importance to Lake Michigan and its watershed charac-
teristics, was chosen for additional study. Daily samples were collected and
analyzed for over a year, providing one of the best data sets on tributary inputs
to the Great Lakes. Unfortunately, a report was never prepared specifically
on this monitoring program. However, the data has been used extensively in the
Task D, as well as the overall PLUARG, analysis.
The Grand River proved to be an excellent choice for additional study since
it provided a contrast to tributaries draining Lake Erie, which also have been
extensively studied. Based on the Grand River investigation, the concept of
event versus stable response tributaries was developed. "Stable response" tribu—
taries are not dominated by runoff events as are event response tributaries,
since their concentrations of materials do not vary greatly with the tributary
flow and because their flow is less erratic. Stable response tributaries, such
as the Grand River and many other eastern Lake Michigan tributaries, tend to have
-82-
 
 relatively small annual diffuse river mouth unit area loads. Event response
tributaries, e.g., many of the Lake Erie tributaries, tend to have high annual
diffuse river mouth unit area loads for phosphorus and suspended solids. Although
many factors influence whether a stream fits either an event response or stable
response classification, the type of soil in the watershed is perhaps the most
important factor. Event response tributaries tend to drain watersheds whose
soils have a high proportion of fine—grained clay particles, while stable re-
sponse tributaries have watersheds with relatively coarse—grained, sandy soils.
A major accomplishment of U.S. Task D was the estimation of annual tributary
loads. Loads were estimated not only for total phosphorus, but also for soluble
ortho phosphorus, suspended solids, total nitrogen, nitrate nitrogen, ammonia
nitrogen, and chloride. Loads were calculated for water years 1975 and 1976.
All loads for monitored tributaries were calculated using the ratio—estimator
calculation method except for Lake Erie tributary loads which were obtained from
the Lake Erie Wastewater Management study. In order to provide complete coverage
of the basin, loads from unmonitored watersheds were estimated from unit area
loads determined from similar and uSually adjacent monitored watersheds.
The tributary loading estimates developed in U.S. Task D served as the
basis for the U.S. PLUARG loading estimates (PLUARG, 1978) as well as the "over—
view modeling" work (Johnson et al., 1978). The Task D tributary loads have
thus contributed heavily to the loading objectives currently proposed in the
1978 U.S.—Canadian Water Quality Agreement. Phosphorus tributary loading estimates
have been compared, summarized and put in perspective relative to other sources
earlier in this report.

























































of the Task D effort and PLUARG as a whole.





























































































































































































































































































































































 From an overall perspective the single most important indicator of high
unit area loads was found to be land form, particularly soil texture (soil
particle size). Overland runoff is more prevalent on fine-grained soils than
coarse, sandy soils since sandy soils tend to have higher water infiltration
rates. Clay soils generally have moreassociated pollutants due to their chemi—
cal and physical characteristics. Clay—sized particles are easily suspended
but usually settle very slowly, so the probability of transport over the land
and down the river is high. Those sections of the Great Lakes basin which have
sandy soils (e.g., upper Lake Michigan basin) have relatively good water quality,
while those with clayey soils (e.g., Lake Erie basin) tend to have poorer water
quality.
The relationship between soil texture and water quality has also been dis—
cussed extensively in a previOus chapter: "Land Factors Influencing Pollutant
Loads." Maps showing the textural distribution of soils in the Great Lakes basin
have been included. This information forms the basis for the important PLUARG
conclusion that across—the-board measures for nonpoint source pollution control
is not warranted, and that specific action needs to be taken only in those areas
where a problem can be expected, notably those with fine—grained surface soils.
Biological Availability of Pollutants
The question of biological availability was of paramount inportance to the
Task D study. Despite the fact that total forms of pollutants such as phosphorus
and metals are useful parameters for assessing water quality, knowledge of the
biologically available fraction is needed. Knowledge of biologically available
forms is particularly important when considering control strategies. Control
of a source that is highly available will have more impact than controlling a





































any soil particle may be chemically or physically bound to the particle in such































































































































































































































































































Phosphorus. Based on studies of a limited number of rivers in the Great
Lakes basin during runoff events (Armstrong et al., 1979; Logan et al., 1979),
40 percent or less of the suspended sediment phosphorus was estimated to be in
a "biologically available" form. For many rivers the "available" fraction of
the phosphorus associated with the suspended solids is probably considerably
less than 40 percent.
Based on river mOuth data, the soluble phosphorus fraction contributed to
the lakes is roughly 25 percent of the total phosphorus load. This percentage
can vary considerably from year to year and from stream to stream; event response
tributaries will generally have a lower percentage of soluble phosphorus than
stable response tributaries. The remaining 75 percent is principally partiCulate
phosphorus. The soluble phosphorus fraction is essentially all readily available.
However, given the limited availability of the particulate phosphorus which com—
prises the bulk of the total phosphorus load from tributaries, it appears that
40 to 50 percent or more of the total phOSphorus load contributed by tributaries
is unavailable for plant growth. Since a significant portion of the soluble
phosphorus load (and the readily available particulate phosphorus) is likely
tied to point sources, particularly for some of the Great Lakes, a considerable
fraction of the diffuse source total phosphorus load must be biologically 33f
available.
The Task D availability studies were complemented by similar work conducted




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































percent of the total particulate metal.

















































































































































































































































































































































































































































































































Because of the general success of the pilot study on the Maumee River and
Lake Erie, similar studies were designed for the river mouth areas of four other
U.S. tributaries. These tributaries included the Genesee River in New York,
the Grand River in Michigan, the Manomonee River in Wisconsin, and the Nemadji
River in Wisconsin. In addition, a more detailed continuation study of the
Maumee River in Ohio was conducted.
The objectives of each river mouth study were as follows:
1. Survey the quality of water offshore of a river mouth following a runoff
event such as occurs during the spring thaw. Contaminants considered included
suspended sediment, nutrients and some toxic substances.
2. Identify general distribution patterns and transport mechanisms of
contaminants contributed by theriver, particularly those contaminants thought
to be derived from land drainage.



















































































































































































































































































































































































































































































































































































significant than the river input.
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Hi
 Immediate Impact of Runoff Eventson Great Lakes Watergguality
Despite the relatively detailed studies, very few immediate effects





























































































































































































































































































































































































































































































































































































































































































































































































































































































 month period. The plume from the Nemadji River during maximum spring discharge
was observed approximately 30 miles into western Lake Superior. In general,
however, the input from rivers during the spring runoff period tended to dis—
perse with the rest of the lake rather quickly.
Wind direction was found to play an important role in dispersion of the
pollutant input from the Nemadji River. Variable winds appear to trap pollu—
tants associated with the runoff in the extreme western basin, while long fetch
westerly winds tend to disperse the pollutants and purge the area. Sydor and
Oman (1977) report that under average erosion conditions a patch of turbidity
1 km in diameter would disperse in about one week to background levels. Long
fetch northeasterly winds which tend to produce high turbulence in western Lake
Superior tend to cause currents which normallymove easterly along the Wisconsin
shore to reverse. Consequently, Nemadji runoff moves along the Minnesota shore
and out to extreme western Lake Superior. Under other wind conditions, however,
effluents from the Duluth-Superior area and the St. Louis River are transported
toward the Wisconsin shore.
In the Menomonee study measurements indicated that the runoff event flow
from the Menomonee, Milwaukee and Kinnickinnic Rivers didnot significantly
affect transport patterns. Rather, lake and harbor sieches seemed to be more
significant. These seiches were found to cause an oscillation of flow between
the river mouth area and the nearshore water outside the harbor. Consequently,
pollutants tended to move Out of the harbor in pulses. Apparently, the pollu-
tants from the runoff had a long residence time in harbor, allowing many of the
pollutants, particularly those associated with the particulate matter, to settle
out in the harbor. The harbor thus appeared to serve as a trap for pollutants
contributed during runoff. Only during exceptionally large flows cauld runoff-
derived pollutants be expected to move outside the harbor into Lake Michigan
proper.
Once in the nearshore area of Lake Michigan (outside the harbor), the dis—
persion of pollutants was found to be highly variable and dependent on wind
conditions. There was also evidence that a subsurface plume can exist along









































































































































































































































































































































































































































dispersed in the lakes relatively rapidly.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































nearshore waters adjacent to the Milwaukee Harbor during periods of no runoff,
indicating resuspension and shoreline erosion are a major source of sediment
to the lake. At the Genesee and Grand Rivers, shoreline erosion and resuspension
are believed to be significant at certain times.
The importance of resuspension in shallow western Lake Erie has already
been discussed. U.S. shore erosion did not appear to be significant, at least
relative to resuspension. Most of the shore erosion inputs to Lake Erie arise
from the Canadian shoreline.
Frequency and Extent of U.S. Nearshore Resuspension
Chesters and Delfino (1978) found that the magnitude of sediment resuspen-
sion is related closely to the occurrence of wind—generated waves strong enough
to resuspend bottom sediments. Sediment type is also important as fine sediments
(i.e., clayey sediments as f0und in the western basin of Lake Erie) are more
easily suspended than more coarse-grained (i.e., sandy) sediments.
Based on the limited data available, it was estimated that the quantity
of sediment reSuspension per unit areain the Great Lakes varies in the order
of: Superior>Michigan>Erie>Huron>0ntario (Chesters and Delfino, 1978). Cal—
culated resuspension quantities did appear to be in the same order of magnitude
as observed data.
The susceptibility of nearshore areas was also determined by Chesters and
Delfino (1978) based on the annual frequency and quantity of sediment resus-
pension. In Lake Superior the western basin, including the Duluth—Superior
area, and Whitefish Bay are particularly susceptible. The susceptible areas
of Lake Michigan include the eastern and southern basin. Saginaw Bay and the
St. Clair River are particularly susceptible portions of Lake Huron. In Lake
Erie, the western basin is more susceptible than the central and eastern basins,
even though the frequency of conditions conducive to resuspension is greater
for the central and eastern basins. The eastern nearshore areas of Lake Ontario
have the greatest resuSpension potential.
Critical areas in the U.S. nearshore zone were also delineated by Chesters
and Delfino (1978). These areas were Saginaw Bay, western Lake Erie, scuthern
Lake Michigan and the Duluth—Superior and northern segments of Lake Superior.
These critical areas are based on the quality of the sediments as well as the
frequency of resuspension. Consequently, due to taconite tailing disposal and
the associated asbestos problem, northern Lake Superior was conSidered a critical
area even though the potential for resuspension is low. Further, resuspension































































































































































































   
   
soluble nutrients in interstitial waters to be reintroduced into the water column.
Conversely, resuspended particulatematerial could scavenge soluble materials
through sorption and thereby remove pollutants from the water column. Since
it is now evident that resuspension is an important process in the Great Lakes,
more work will have to be undertaken to determine its importance to the chemical
and biological regime.
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































While current pesticide use is not considered a threat to the Great Lakes,
residues of formerly used pesticides, such as DDT and its derivatives, continue
to move off the land and into the lakes. A recent evaluation of hazardous chem—



















objectives set by the U.S. Environmental Protection Agency (EPA) and the Inter—
national Joint Commission (IJC). The objectives, which were set under the ratio—
nale that such levels could potentially result in bioaccumulation in fish and
subsequently cause harm to humans and fish eating birds, actually approach or are
below the current analytical detection level. Waller and Lee (1979) also point



















































































































































































































































































































































































































































































































































































































































































































































































































RATIO OF GREAT LAKES TRIBUTARY
SUSPENDED SOLIDS LOADa TO LAKE VOLUME
Tributary Suspended
Solids Input (metric tons/yr)
 
Normalized to






a. Tributary Suspended Solids Load from PLUARG, 1978 .
 
 small and mostly rural. Its sediment load is relatively small. Thus, the lower
toxic levels in the Grand River may be related to the different sediment loads.
The possibility that sediment load is related to toxic levels leads one
to speCulate on the effect that reducing sediment loads may have on toxic con—
taminant levels. Perhaps a reduction of land runoff will improve the trophic
status of Lake Erie, but in turn cause thelake to Suffer more severe toxic
pollution problems. Clearly, the question is potentially a significant one,
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Very little information exists in the literature which directly links
land—derived pollution with impairment of Great Lakes waters.
While many studies
have alluded to land—derived pollution as a cause of degradation of Great Lakes
water quality, it has been very difficult to separate the effects of nonpoint
source pollution from point source pollution.
Nevertheless, the indirect evidence
is strong that nonpoint pollution does contribute significantly to the degradation
of Great Lakes water quality.
2.
Although the physical and biological effects of pollutants on plank-
ton, benthos and fish are becoming better known, it is difficult to determine
what percentage of the impairment results from nonpoint source pollution as
opposed to point source pollution.
Further, the biological availability of
land—derived pollutants remains an incompletely answered question.
3. One of the clearest examples of specific land—derived inpacts is the
Cladophora accumulations in Lake Huron.
Due to the low ambient nutrient con-
centrations in the lake, Cladophora flourishes only in specific areas which
are enriched from local nonpoint or point pollution.
4. The amOunts of solids removed by dredging from many Great Lakes river
mouth areas were found to be comparable to the amount of suspended solids con—
tributed annually by the rivers.
Control of soil erosion upstream may thus
have a significant benefit in terms of reducing the quantity of sedimented
material that must be removed by dredging.














The effect of sediment is not easily separated from other environ—
mental perturbations, however.
6. Despite often being implicated as harmful to the Great Lakes, few
examples of Great Lakes impairment by road salt runoff exist. There is some
speculation that subtle but derogatory changes in the species composition of
phytoplankton in the Great Lakes may occur if chloride levels continue to in—
crease.
7. Since silica may cause a shift in algal species towards the nonsili-















8. Despite the potential harmful impact of lead, there is currently no
evidence to indicate it is causing impairment of the Great Lakes resource.






























































































































































































































































































































































































































































































































































































































































































































































































Of the pollutants associated with nonpoint source pollution from land,
phosphorus has perhaps been studied the most, as it is regarded by most as the
key to the eutrophication process. Most of this work has documented the contri—
bution of the nonpoint source phosphorus load to tributaries relative to the
total tributary load (e.g., see Sonzogni et al., 1978). Unfortunately, it is very
difficult, if not impossible, to separate out the effects on Great Lakes Water
Quality of the runoff derived fraction of the tributary phosphorus load from the
effects of the point source fraction, since these inputs are often quickly dif-
fused within the lakes.
One way of estimating the importance of phosphorus emanating from nonpoint
sources is to measure the percent mass contribution from these sources (Table A1).
Inferences on the effect of nonpoint source phosphorus are often based on these
mass loading estimates. However, the actual effectof diffuse input cannot be
determined strictly from the magnitude of mass inptus, as much of it may enter
the lakes in a short period of time during spring runoff.
TABLE Al
PERCENT CONTRIBUTION OF DIFFUSE TRIBUTARY SOURCES
TO THE TOTAL PHOSPHORUS LOAD TO THE GREAT LAKES
Total Loadl Z 2
1 Lake Mid l970's(MT/YR) Diffuse
Superior 4 , 000 60
: Michigan 6,950 29
g Huron , 4,580 55
i Erie 18,150 50
Ontario 6,650 42
1Shoreline erosion not included
2Assumes 100 percent delivery of point sources. Data are
presented in the "Phosphorus Loads" chapter, Table 4.
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Assessment of the effect of nonpoint source phosphorus is further compli—
cated by the fact that not all of the phosphorus delivered to the Great Lakes is
biologically available for plant growth.
It appears that 40 to 50 percent or
more of the total phosphorus contributed by tributaries is unavailable
(Armstrong et al., 1978; Logan, 1978). Since a large fraction of the unavailable
phosphorus is associated with suspended soil particles, much of the phosphorus
from land runoff is likely to be unavailable. Since the question of availability
was a major area of investigation in U.S. Task D, this topic was discussed in
more detail earlier in this report.
Early studies of the effect of diffuse phosphorus inputs on the Great Lakes,
which were generally focused on eutrophic Lake Erie, often underestimated the
importance of land derived pollution. Baker and Kramer (1973), after monitoring
diffuse and point sources to the Sandusky River (a tributary to western Lake
Erie), concluded that the diffuse phosphorus loading factor generally applied for
Lake Erie at that time (U.S. Department of the Interior, 1968b) was less than
half of the value they found. This conclusion is consistent with other informa—
tion on diffuse phosphorus inputs found for the entire U.S. Lake Erie basin
(U.S. Army Corps of Engineers, 1975).
Since a large fraction of the annual land derived phosphorus input may enter
the lakes during the spring runoff period (Burwell et al., 1975; U.S. Army Corps
of Engineers, 1975; Sonzogni et al., 1978), a major portion of the U.S. Task D
(PLUARG) work was devoted to measuring impacts of phosphorus and other pollutants
during this period. Studies were conducted using a combination of shipboard
analysis and remote sensing offshore of five major U.S. tributaries. These
studies were discussed in more detail in the chapter which integrates and
summarizes the total U.S. Task D effort.
Some additional observations in the literature on the general effects of
land derived phosphorus inputs on each of the lakes are discussed below.
Lake Superior
Nonpoint phosphorus inputs do not likely have a major effect on the lakes as
a whole and few studies of nonpoint inputs have been undertaken. Although Lake
Superior receives the largest percentage of diffuse tributary phosphorus input
relative to other lakes, the nonpoint load is lowest of any of the Great Lakes.
Furthermore, due to the large volume of Lake Superior (over half the total volume
of the Great Lakes), the volumetric percentage is small. For example, the
average U.S. tributary derived phosphorus load to Lake Superior is about 0.2
metric tons/yr-km3. Thisvalue is over 175 times smaller than the U.S. tributary
phosphorus load to Lake Erie! Edmondson (1961, 1969) has indicated that dilution
factors and input concentrations, as can be implied from the above comparison,
need greater consideration in evaluating the effects of nutrient loads on the
lakes. Since much of the Lake Superior drainage is forested, the diffuse load is
probably composed, to a large extent, of base flow (ground water input to streams)
and represents near-natural or background conditions.
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 Some local effects, such as at Duluth-Superior Harbor or offshore of the red
clay erosion area on the western shore of Lake Superior (Monteith and Sonzogni,
1976), can occur. Bahnick (1977) studied the input of phosphorus associated with
red clay erosion in the southwestern Lake Superior basin. While the input was
not large compared to point sources, the relative importance of this nonpoint
source is expected to increase as point sources decrease in the future. The
solids derived from land runoff in this area may have more significant impact
than phosphorus productivity. This topic will be discussed later under "Bio—
logical Effects of Suspended Solids."
Lake Michigan





















































































































































































































































































































































































































































































































































































































































































































































































spring and summer blooms.
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 During certain periods, Green Bay exhibits a hypolimnetic oxygen demand.
This results from the oxygen demand exerted by algae stimulated by excess phos—
phorus, and from organic wastes generated by industry. The most severe dissolved
oxygen depletions occur during low flow conditions of the Fox River in late
summer. Also, during January—to-April ice cover, severe oxygen depletion through-
out 150 square miles of lower Green Bay has occurred (Patterson et al., 1975).
The role of nonpoint sources in this case is not obvious, but they undoubtedly
contribute to the overall problem.
 
Lake Huron
A large proportion of the total phosphorus load delivered to Lake Huron by
U.S. tributaries is of diffuse origin. Except for the lower Saginaw Bay and
Thumb area, most of this drainage is from forested areas and thus represents a
near—natural load (Manny and Owens, 1978). Productivity values tend to be low
(Glooschenko et al., 1974) in Lake Huron, reflecting this relatively natural
diffuse load.
The Saginaw River largely determines the water quality of Saginaw Bay,
carrying large amounts of industrial, municipal, and agricultural runoff. About
95 percent of the total phosphorus load entering the bay from tributaries ‘
(Sonzogni et al., 1978) is derived from the Saginaw River. When all municipal '
and industrial inputs are considered, approximately 70 percent of the Saginaw T
River's total phosphorus load is of nonpoint origin (Sonzogni et al., 1978).
In 1974, measurements of total phosphorus from tributaries, dustfall, and
rainfall were collected and utilized in a eutrophication model of Saginaw Bay
(Canale and Squire, 1976). It was concluded that control of both point and non-
point sources of pollution would be necessary to effect dramatic improvements in
water quality. For example, according to the model, an 80 percent removal of all
point source phosphorus contributionswould only result in a 30 percent decrease
in phosphorus concentrations near the mouth of the Saginaw River and would change
outer bay concentrations to a small degree, if at all.
It was reportedby Freedman (1974) that higher concentrations of phosphorus
and potassium along coastal portions of the outer bay mightbe indicative of
agricultural runoff from all rivers and shore areas, combined with interaction
with the sediments in shallower waters. As is the case with most other such
statements, no specific evidence was available to conclusively link these higher
concentrations to agricultural runoff.
Lake Erie
Lake Erie receives by far the largest phosphorus load and the largest ton-
nage of nonpoint source phosphorus. Tributaries in the U.S. western basin, such
as the Maumee and Sandusky Rivers, contribute a large part of the total nonpoint
phosphorus load. Herdendorff and Zapotosky (1977), as part of the U.S. Task D
(PLUARG) studies, investigated the impact of Maumee River spring runoff events
on western Lake Erie. A major conclusion of their work was that a significant
amount of phosphorus is contributed during the spring and ultimately affects the
whole lake due to transport in an easterly direction. Further discussion of this
work is presented in the section on the Summary and Evaluation of U.S. Task D.
—114—
 
 Burns et al. (1976a) stated that high phosphorus concentrations observed
along the south shore of Lake Erie in 1970 were a result of heavy U.S. loadings
from the southern basin. They specifically indicated the high values were not
due to nutrients released from the sediments by wave action. It would appeaf—
then that nonpoint sources could be linked, at least in part, to the high levels.
Gachter et al. (1974), however, projected that high total phosphorus along the
south shore reflects point source discharge of sewage from Cleveland, Ohio, and
Erie, Pennsylvania. Similarly, Glooschenko et al. (1974) noted high phytoplankton
populations have been observed along the south shore, with the water off of Erie,
Pennsylvania, exhibiting particularly high primary production in contrast to the
eastern half of the lake. Undoubtedly, the higher values result from a combina-
tion of point and nonpoint sources, and it is difficult to separate out indivi-
dual influences on the lake.
If all point sources of phosphorus were eliminated, would nonpoint sources
of phosphorus still be sufficient to cause anoxic conditions in Lake Erie? It
has been estimated that a loading of 9,500 metric tons per year or less would be
necessary to eliminate the development of anoxic conditions (IJC Technical Group
to Review Phosphorus Loadings, 1978). It appears that nonpoint total phosphorus
loads are close to or less than this value. If a significant amount is not bio—
logically available, and this appears to be the case, then nonpoint sources of
phosphorus alone would not cause anoxic conditions in Lake Erie.
Lake Ontario
Nonpoint phosphorus sources also contribute a major percentage of the phos-
phorus load to Lake Ontario. The largest source of phosphorus to Lake Ontario
is the Niagara River, which connects Lake Erie to Lake Ontario. U.S. Lake Ontario
drainage is dominated by three tributaries with large drainage areas—-the Genesee,
Black and Oswego Rivers. Other parts of the U.S. drainage are dominated by small
tributaries (east and central part of the southern basin) or tributaries draining
undeveloped land (northeastern part of the basin). Although land drainage
probably comprises a significant amount of the total load to Lake Ontario from
these areas, it probably has a relatively small impact on the lake.




































































































































































































































































































































on the Great Lakes and can give an indication of local conditions as affected by
tributaries.
Two annual peaks of plankton abundance were recorded for Gary,
Indiana, and Chicago,
Illinois,
intakes, whereas only one peak of plankton
abundance occurred at the Milwaukee intake
(Damaan, 1945; Holland and Beeton,
1972).
It has been suggested that the bimodal maximum apparent in extreme
southern inshore waters of Lake Michigan is the result of "special circumstances"
and that the unimodal maximum is the more general case for most of the lake basin
(Stoermer and Kopczynsky, 1967).
This bimodal maximum has also been observed in
Green Bay (Holland, 1969).
It is a reasonable conjecture that the cycle may be
characteristic of more eutrophic areas in the Great Lakes, possibly due in part
to nonpoint source inputs.
HOWeVer, southern Lakv Michigan receives major
industrial inputs, often directly from the plants, particularly in the area of
Burns Ditch, the Indiana Harbor Canal and the Calumet River.
It is probable that
municipal and industrial effluents may be more important in southern Lake Michigan
in contributing to the "special circumstances" alluded to by Stoermer and
Kopczynsky (1967).
 
Deterioration of the benthic fauna in the south end of Lake Michigan has
been noted with respect to oligochaete and amphipod abundance (Mozley and Alley,
1973). Nearshore zooplankton of southeastern Lake Michigan is of a very distinct
nature as compared to pelagic fauna (Roth and Stewart, 1973). Differences are in
part attributed to high inshore primary productiveity. Point source nutrient
effluents in this area are probably most significant in determining secondary
effects on zooplankton populations.
Stoermer (1968) investigated nearshore phytoplankton populations in Lake
Michigan near the mouth of the Grand River during thermal bar conditions. He
found that total algal cell counts were often nearly six times as high in the
inshore waters as in the offshore. Nearshore phytoplankton species composition
was found to be influenced by the Grand River to a substantial degree. The
primary influence was thought to be enrichment of nearshore waters by the river.
Thermal effects were believed to be secondary, in this case defining circulation
patterns and sharply delineating nearshore waters from offshore waters (i.e.,
thermal bar). The Grand River contributes approximately one—fourth of the annual
tributary loading of phosphorus to Lake Michigan with diffuse loading responsible
for about 50 percent of this load (Sonzogni et a1., 1978). The impact of the non-
point source component was not (and perhaps cannot be) separated out.
Marked differences in diatom flora were observed in the east (Ludington)
and west (Milwaukee) nearshore areas of Lake Michigan during certain months of
the year (Holland and Beeton, 1972). These differences were postulatedto be
associated in part with agricultural runoff within the drainage basins of the
Pere Marquette and the Milwaukee Rivers (which empty into Lake Michigan at
Ludington and Milwaukee, respectively), along with direct nutrient inputs from
—1l6-
 sewage treatment plants. It was observed that inshore waters off of Milwaukee
differed considerably from offshore waters, exhibiting higher concentrations of
nutrients and greater diatom populations with different species compositions.
In contrast, nearshore waters off of Ludington were fairly similar to offshore

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(1977) further documented temporal fluctuations of phytoplank—





Algal population densities were found to increase signi—
E
ficantly in May, peaking in June.
Heberger (1977) investigated the seasonal
population density and composition of crustacean zooplankton populations in
Hammond Bay.
He found that some taxa were significantly more abundant in
nearshore than in offshore areas.
This was
theorized to be a response to the
more eutrophic nature of nearshore waters (Beeton, 1965).
In nearshore transects sampled to the north and south of Hammond Bay in
September of 1972 (Schelske et al., 1974) diatom assemblages characteristic
,
of large oligotrophizlakes (Hutchinson, 1967) were observed.
Thisis consistent
g
with observed phosphorus input, which is largely land drainage and which is
g
a "natural" load due to the mostly undisturbed nature of the land and the
predominantly sandy soils.
Many studies have documented the familiar 'east—west' gradient of increas— ;
ing algal standing crop in Lake Erie (Bentley and Potos, 1971; Glooschenko et. al.,
1973; Munawar and Munawar, 1976) In conjunction with this gradient, qualitative
differences in phytoplankton species composition have also been noted (Davis,
1969; Verduin, 1964; Snow and Thompson, 1968; Michalski, 1968). The central
and eastern basins are more similar in species composition than the western
basin. Ceratium hirundinella, Peridinium sp, Pediastrum sp and Staurastrum Sp
were found to predominate in the eastern basin, whereas the western basin
lacked significant populations of these taxa, exhibiting a more eutrophic
flora (Michalski, 1968).
  
Since over 70 percent of the U.S. land draining into Lake Erie drains
into the western basin, land runoff is certainly a factor in this plankton
distribution. Further, the soils in the basin have an extremely high clay
content, which is conducive to runoff and phosphorus pollution. However, it
is difficult to separate out the point and nonpoint source effects, since the
Detroit River and, in particular, municipal discharge from the City of Detroit,
have a major impact on the western basin.
There is some indication that plankton are directly affected by tributary
discharge. The Maumee River, which contains a large nonpoint source component
(although the City of Toledo contributes a large point source load at the
mouth of the Maumee), has been found to stimulate algae production in Maumee
Bay. As early as 1933, phytoplankton standing crops near the mouth of the
Maumee were found to be greater than in open waters, decreasing with increasing
distance from the mouth of the river (Wright and Tidd, 1933). Recent work by
Herdendorff and Zapotosky (1977) also indicate stimulation of algae offshore of
the Maumee River following runoff events. With respect to zooplankton, Diap-
tomus siciloides and Cyclops vernalis, good indicators of eutrophic conditions
(Gannon, 1972) were first found in the extreme western end of Lake Erie in 1930
at the mouths of the Detroit and Maumee Rivers (Wright, 1955). It was projected
by Curl (1959) that plankton populations within the western basin of Lake Erie
could even be potentially maintained by phosphorus inputs solely fromthe Maumee
River. However, in light of the importance of the Detroit River input and












































in the central basin which is a result,
at least in part, of the diffuse phos—
phorus load.
For example,
Limnocalanus macrurus, a plankter characteristically
inhabiting colder, deeper waters of all the main lakes, has declined in distri-
bution and abundance in Lake Erie since 1930.
In Lake Ontario there is a distinct difference in phytoplankton abundance
and composition in nearshore vs. offshore waters in the spring, due to a
pronounced thermal bar which prevents mixing (Rodgers, 1965). As a result of
this condition, some insight on the effects of tributary loadings on the local—
ized nutrient concentrations can be gained. Nalewajko (1966, 1967) found that
certain algal species, particularly Stephanodiscus tenuis, reach high abundance
in nearshore waters, persisting until mixing occurs later in the season. Other
investigators have also noted inshore—offshore differences in phytoplankton
abundance and composition (Ogawa, 1969; Glooschenko et al., 1974). For example,
it has been observed that phytoplankton abundance is very highalong the shore
of Lake Ontario from Toronto (at the mouth of the Niagara River), along the
shore of the lake and up the eastern shore of the North Channel (Ogawa, 1969).
 
The eutrophic indicator species, Bosmina longirostris, was found to be
associated with urban development, also reaching higher densities in shoreline
areas (Shiomi and Chawla, 1970). Especially high levels were exhibited off of
the Oswego River in August of 1972 and were interpreted as being influenced by
the agricultural nutrient load of the river as much as by the city of Oswego
itself. The primary impact of the nutrients is upon the phytoplankton whose
growth is reflected by anabundance of certain zooplankton species—-in this
case, B. longirostris, which grazes on larger algal forms. These relations
are speculations only; no data is available to verify the relationships.
Macrophytes
Very little information is available linking land runoff phosphorus saurces
with macrophyte abundance in the Great Lakes. However, some studies associate
greater Cladophora abundance with high phosphorus loads. The sources of these
loads were not determined.
Lin (1971) indicated that stored phosphorus Cladophora growing in Milwaukee
Harbor and to the north in Lake Michigan substantially increased after a heavy
rainfall. This increase was attributed to runoff via storm sewers and increased
river flow (urban drainage). Cladophora growth was reported to be greatest in
lower Green Bay in the vicinity of the Fox River, diminishing in abundance and
productivity along the shore of the bay toward the lake (Fitzgerald, et. al.,
1975). Net photosynthesis of Cladophora was measured at several sites in
lower Green Bay during the summer of 1971 (Adams, 1973). It was found that
productivity was higher at sites receiving the greatest amounts of Fox River
water (Ahrnsbark and Ragotzkie, 1970). No specific link to nonpoint sources
was made, however.
Cladophora has been observed (Robinson, 1974) to grow abundantly from
Tawas City to Bay City, and east of Caseville around the Thumb to Harbor Beach,
-1l9—
 where suitable substrate is present. It was surmised that these growths
were stimulated by local enrichments from Saginaw Bay, which receives a con—
siderable nonpoint phosphorus load. In Lake Ontario, high phosphorus loading
has also been linked with dense growths of Cladophora. Once again, it does
not appear that the enrichment from nonpoint sources can be disaggregated
from the cumulative impact of the total phosphorus load from all sources.
Very recent research on Cladophora growth in Lake Huron (Canale and
Auer, 1978) that shown that, given the proper substrate, the presence of this
alga is associated with local sources of nutrients, including both urban and
rural nonpoint sources. Canale and Auer have hypothesized that the normally
low phosphorus levels in Lake Huron limit Cladophora growth except in areas
enriched by anexternal source. Apparently, relatively small nutrient inputs
can increase nearshore nutrient levels in the vicinity of the source to the
extent that the density, areal distribution and tissue nutrient content of
Cladophora are affected. The wider distribution of Cladophora in Lakes Erie
and Ontario may be the result of higher ambient nutrient levels in these lakes.
Cladophora is thus not dependent in these lakes on external sources, as
appears to be the case in Lake Huron.
The initial data of Canale and Auer providesa good example of a specific
local pollutant impact. Continued investigations along these lines should
provide beneficial information as to the effect of nonpoint and small point
sources on Lake Huron.
Benthos
A number of investigators have documented changes in benthic organism
abundance and composition throughout the last few decades. Changes involve
a shift in species composition toward anabundance of pollution-tolerant
Oligochaeta and Chironomidae, while the mayfly, Hexagenia, has decreased to
less than one percent of its former abundance (Beeton and Howmiller, 1970,
1971). It has been observed that even pollution—tolerant organisms are be—
coming largely absent from sediments in lower Green Bay (Balch et al., 1956;
Schraufnagel et al., 1968). These species shifts in abundance and distribu-
tion are related to nutrient input, degree of organic pollution, and deoxyge—
nation, although the individual influence of nonpoint derived phosphorus has
not been experimentally studied.
Actinomycete (a bacteria) populations, known for their nuisance odor-
causing properties, have also been observed to be very high in Green Bay
along with other nutrient enriched areas of the Great Lakes (Tierney et al.,
1976). Laboratory results indicated that the presence of organic materials
increased actinomycete growth. It was concluded that both point and non—
point source organic enrichment of northern Green Bay directly enhances con—
ditions for increased actinomycete growth.















































According to information compiled by Freedman (1974) from several differ-
ent surveys, Saginaw Bay has restricted fauna in the inner bay with pollution—
tolerant organisms predominating along the south and southeastern coasts.
Pollution—tolerant oligochaeta were the dominant organisms. Highest concen—
trations were found at the mouth of the Saginaw River (25,000/m2 of lake bottom)
and along the southeastern shores of the bay. It is interesting to note that
the highest phosphorus concentrations have been monitored at the mouth of the
Saginaw River, though Oligochaete distribution may also be related to bottom
type. The southeasterly shore distribution of Qligochaetes may be partially
due to the organic loading of the Kawkawlin River. The Saginaw River and the
discharges of sugar beet and milk plants in the Sebewaing area may also be
influencing factors (Freedman, 1974). The mayfly Hexagenia, once common in
Saginaw Bay, has completely disappeared. This is probably an indirect result
of high phosphorus loading, both point and nonpoint.
Benthos populations in the vicinity of the Maumee River mouth have re-
flected increasing nutrient loads. Carr and Hilttunen (1965) documented
changes in Lake Erie benthos between 1930 and 1961. It was observed that the
taxa Gastropoda and Sphaeriidae were rare near the mouths of the Maumee and
Raisin Rivers and the western side of the Detroit River, and that leeches
(Hirundinea) were adversely affected by polluted conditions near river mouths.
A large portion of the Maumee River load is of nonpoint' source origin.
Extremely high phosphorus loadings may indirectly result in anoxic condi—
tions in the late summer in the central basin of Lake Erie, due to the decay
of large algal standing crops (Burns et al., 1976 ). A classic result of
this condition is the widespread disappearance of the burrowing mayfly,
Hexagenia (Carr and Hilttunen, 1957). The loss of Hexagenia is very signifi—
cant in that it was a fish forage item, though its trophic importance is not
precisely understood (Christies, 1974). Although nonpoint sources of phos—
phorus alone could probably not account for the anoxic problem, they have
certainly contributed to it.
Fish
It is difficult to assess the extent to which eutrophiciation, and more
specifically nonpointnutrient sources, has brought about changes in fish



















































































































































































































































 Christie also projected that, in highly productive areas where many species
share common food resources, eutrophication may stress the competitive abilities
of more specialized fish species. For example, the specialized diet of the
smallmruth bass on crayfish may be affected by increasing eutrophic conditions





















   




   
   
    
   























































































derived from Sonzogni et al., 1978
derived from Monteith and Sonzogni, 1976
derived from Kemp et al., 1976
derived from Kemp and Harper, 1976
derived from International Joint Commission, 1977f
derived from Eisenreich et al., 1977
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 the results of this compilation. Numbers in Table A2 should be viewed as first
approximations of fine—grained inputs, since in some cases fine—grained loads
were estimated from total sediment loads.
By providing an overview of the relative contributions of various fine—
grained sediment sources, Table A2 allows a rough estimate of the effective—
ness of various sediment control strategies. Data in Table A2 is also useful
for identifying potential trouble spots, Such as Lake Erie, which clearly re—
ceives the largest fine—grained sediment load. Comparison of the amount of
fine-grained input to total sediment input (Monteith and Sonzogni, 1976; and
Sonzogni et al., 1978) indicates the pollution potential of the total sediment
load, since fine—grained particles are likely to carry more chemical contami-
nants than coarse—grained particles. At the same time, fine—grained particles
also have a greater potential for removing contaminants from solution.
Lake Superior
The input of tailings to Lake Superior Flom Reserve Mining is significant
(Plumb and Lee, 1975; International Joint Commission, l977d), but the amount
actually distributed throughout the lake is unclear. Consequently, it has not
been included in the following discussion and estimates of solids loads to
Lake Superior.
Shoreline erosion is the major s0urce of fine-grained suspended sediment
to Lake Superior, the bulk of it being received by the western arm of the lake.
Monteith and Sonzogni (1976) indicate that approximately 30 to 50 percent of
the total annual U.S. shoreline erosion load to Lake Superior is derived from
this relatively small red-clay area in Wisconsin. This shoreline erosion load
makes up 25 to 30 percent of the total suspended sediment loading to Lake Su—
perior from all sources. In addition, it is estimated that 75 percent of the
U.S. tributary load of Suspended sediment is delivered to the western arm via
streams draining the red—clay area of Wisconsin and the Ontonogan area of Michi—
gan. To summarize, 35 to 45 percent of the total suspended solids input to
Lake Superior from the U.S. side can be attributed to erosion of a relatively
small area of northwest Michigan and Wisconsin.
Lake Michigan
Although shoreline erosion loads to Lake Michigan are extremely high (es-
pecially along the eastern shore), much of the material is coarse-grained, due
to the sandy texture of lakeshore bluffs. Nevertheless, fine—grained Suspended




















unit area loads present along a stretch of basin from Milwaukee to the Indiana-
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the results of this compilation. Numbers in Table A2 should be viewed as first
approximations of fine-grained inputs, since in some cases fine-grained loads
were estimated from total sediment loads.
By providing an overview of the relative contributions of various fine—
grained sediment sources, Table A2 allows a rough estimate of the effective-
ness of variOus sediment control strategies. Data in Table A2 is also useful
for identifying potential trouble spots, such as Lake Erie, which clearly re—
ceives the largest fine—grained sediment load. Comparison of the amOunt of
fine—grained input to total sediment input (Monteith and Sonzogni, 1976; and
Sonzogni et al., 1978) indicates the pollution potential of the total sediment
load, since fine—grained particles are likely to carry more chemical contami-
nants than coarse—grained particles. At the same time, fine-grained particles
also have a greater potential for removing contaminants from solution.
Lake Superior
The input of tailings to Lake Superior Fnum Reserve Mining is significant
(Plumb and Lee, 1975; International Joint Commission, l977d), but the amount
actually distributed throughout the lake is unclear. Consequently, it has not
been included in the following discussion and estimates of solids loads to
Lake Superior.
Shoreline erosion is the major SOurce of fine-grained suspended sediment
to Lake Superior, the bulk of it being received by the western arm of the lake.
Monteith and Sonzogni (1976) indicate that approximately 30 to 50 percent of
the total annual U.S. shoreline erosion load to Lake Superior is derived from
this relatively small red—clay area in Wisconsin. This shoreline erosion load
makes up 25 to 30 percent of the total suspended sediment loading to Lake Su-
perior from all sources. In addition, it is estimated that 75 percent of the
U.S. tributary load of Suspended sediment is delivered to the western arm via
streams draining the red-clay area of Wisconsin and the Ontonogan area of Michi—
gan. To summarize, 35 to 45 percent of the total Suspended solids input to
Lake Superior from the U.S. side can be attributed to erosion of a relatively
small area of northwest Michigan and Wisconsin.
Lake Michigan
AlthOugh shoreline erosion loads to Lake Michigan are extremely high (es—
pecially along the eastern shore), much of the material is coarse—grained, due
to the sandy texture of lakeshore bluffs. Nevertheless, fine-grained suspended
sediment inputs to Lake Michigan are still dominated by shoreline erosion (ap-
pr0ximately 60 percent).




















Michigan border. The intensive urbanization of this area may account for the
greater loads. Other portions of the Lake Michigan basin have consistently low




 Other significant sources of fine-grained Suspended solids are direct
point sources and dredge spoil disposal.
Both are highest in southern Lake
Michigan (Milwaukee to Michigan—Indiana line).
Loads from this area make
up about 90 percent of the total direct point source inputs and approximately
30 percent of the total dredge spoil input. Much of the direct point source
load is from the Indiana Harbor Canal and Calumet River.
Lake Huron
Contributions of fine—grained suspended sediments from the U.S. portion
of the Lake Huron basin are greatest from tributary sources, with the largest
inputs being from the Saginaw River and Thumb area of Michigan. Shoreline
erosion loadings of fine—grained particles are rather small compared with the
other lakes, primarily due to the sandy nature of the eroded material, the
predominately westerly winds, which minimize erosion on the U.S. shoreline,
and the large proportions of bedrock— and wetland—dominated shoreline. The
shoreline erosion which does contribute fine—grained sediment is concentrated
largely along the eastern side of the Thumb of Michigan. Here the shallow—
ness of the water and the associated wave action tend to keep fine particles
in suspension, allowing transport to Lake St. Clair and, ultimately, to Lake
Erie.
Atmospheric inputs of particulate matter are more significant in Lake
Huron than in the other lakes. This indicates the overall low fine-grained
input to Lake Huron.
Lake Erie
Perhaps the best data available on sources and sinks of fine—grained sedi-
ment is that for Lake Erie (Kemp et al., 1974, 1976, 1977). Tributary inputs
make up a large percentage of the U.S. sediment contribution, with the Maumee
and Detroit Rivers being the largest tributary sources. Both are influent to
the shallow, turbid western basin. Almost all of this tributary load is de-
rived from diffuse sources, including soil erosion in the Maumee basin. The
highest unit area loads of suspended sediment in the Great Lakes basin are
associated with the rivers which flow into the central and eastern basins of
Lake Erie. Again, almost all of this load is derived from nonpoint sources.
U.S. shoreline erosion appears to be a significant source of fine-grained
sediment along portions of the Ohio shoreline, but is relatively minimal in the
western basin where tributary inputs are dominant. Canadian shoreline erosion,
concentrated along the central and eastern shoreline, is by far the largest
contributor of fine—grained sediment to Lake Erie (Kemp et al., 1977), but has
little impact on the western basin. Further, according to Kemp et a1. (1977),
sediment from the Canadian shoreline has little effect on the U.S. side of
eastern and central Lake Erie, but is either deposited in the deeper portions
of the eastern basin or carried into Lake Ontario via the Niagara River. Sedi-
ment transported from the western basin is generally moved northof the island
area into the central and eastern basins.
 
  
Other significant sources of fine-grained sediment are dredging, autoch—
thonous loadings due to biological productivity, and atmospheric inputs. Of
these, harbor dredging has perhaps the greatest effect, though the significance
of its impact is probably masked by the cooccurrence of other sources. Dredging
mainly occurs in harbors at the mouths of U.S. tributaries with very high sedi-
ment loads.
Lake Ontario
The largest source of fine—grained sediment to Lake Ontario is the Niagara
River, which, according to Kemp and Harper (1976), accounts for 50 percent of
the total sediment load to the lake from all sources. This estimate seems
reasonable in light of recent tributary loading data (Sonzogni et al., 1978).
Most Niagara River sediment comes from Lake Erie, which is, therefore, the
primary source of suspended materials for Lake Ontario. United States tribu—
taries, shoreline erosion, and the atmospheric inputs addapproximately equal
ambunts of fine—grained sediment to the lake and account for much of the re-
mainder of the fine—grained sediment input.
The Niagara River inputs generally affect only the western portions of
the lake, especially adjacent to the mouth. Sediment input from other SOurces
is thought to be rather rapidly diluted by lake waters and quickly transported
to the offshore basins. Kemp and Harper (1976) find only a thin, discontinuous
fine—grained sediment cover in the nearshore zones, a fact which they interpret
as indicative of the transitory nature of these localized deposits.
PHYSICAL EFFECTS OF NONPOINT SOURCE SOLIDS INPUT
Turbidity
A primary effect of increased sediment loading to lakes is increased tur—
bidity and a resultant decline in water transparency. Pinsak (1976) presents
mapped transparency data for the Great Lakes, which can be related to areas of
high nonpoint source inputs of particulates.

































































































































































































 though the data is incomplete. An area of low transparency is present at the i
outflow from Green Bay to the open lake, but this may be attributable to high '
phytoplankton productivity in the bay. Cook and Powers (1964) present the
average spring concentration of volatile suspended solids near the mouth of the ‘
St. Joseph River as 10 mg/L, but the river's influence on this value is not clear. '
The lowest transparency in Lake Huron has been observed in Saginaw Bay
and around the periphery of the lake (Pinsak, 1976) and is most noticeable in
regions of greatest runoff and wave action. Turbidity patterns generally
reflect the flow of clear lake water into Saginaw Bay along the northwestern
shore, mixing with turbid Saginaw River water, and outflow along the southeast
shore, with additional input ofsuspended sediment from Thumb area tributaries.
Other turbid areas are noted along the eastern side of the Thumb (probably
shore erosion) and in the southern portion of Lake Huron, due to the combined
influence of Saginaw Bay, shoreline erosion, Canadian inputs, and resuspension
of bottom sediments in this relatively shallow area.
The western basin of Lake Erie consistnntly has the highest turbidity
values reported for the Great Lakes. High phytoplankton production, particulate
loads from the Maumee and Detroit Rivers, and resuspension due to wave motion
in this shallow basin all can be related to the low transparency. Turbidity ’
plumes from the Detroit River are associated with resuspension of sediment in




















is evident that river loads are a primary source of inorganic suspended matter.
Inorganic matter makes up from 50 to 95 percent of the total suspended solids
loading (Chandler, 1942). Other areas of high turbidity in Lake Erie are
within the nearshore regions of the central and eastern basin, especially in
proximity to tributary influxes (Pinsak, 1976).
The U.S. portion of Lake Ontario, like Lake Erie, has relatively high
concentrations of suspended solids compared with the three upper lakes. Tur-
bidity is highest off the mouths of the Niagara and Genesee Rivers, with the
latter source increasing in significance during spring runoff. Large, well-
defined turbidity plumes were frequently observed at the mouth of the Niagara
River in Landsat images (Pluhowski, 1975). Outflow of suspended solids from
Lake Erie is estimated at 4.5 million MT/yr (Kemp et al., 1977).
Dredging and Drinking Water Supplies
 
The amOunt of bottom sediment dredged for navigation, harbor facilities,

















from U.S. waters (International Joint Commission, 1975 ), and over half of the
U.S. volume was removed from Lake Erie ports and channels. Stream sedimenta—
tion is one of the principal sources of dredged material, though littoral drift
and, in some cases, point sources can contribute significant quantities of
sediment.












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Harbor Tributary 1975 1976 (MT/YR)
Duluth/Superior St. Louis 70,000 27,000 73,500
Ontonagon Ontonagon 580,000 150,000 18,400
Manistee Manistee 20,000 18,000 30,600
Manistique Manistique 12,000 16,000 6,100
Manitowoc Manitowoc 23,000 5,000 24,500
Menominee Menominee 13,000 16,000 4,900
Oconto Oconto 7,300 10,000 2,450
Racine Root 13,000 9,000 18,400
St. Joseph St. Joseph 82,000 110,000 53,300
Alpena Thunder Bay 6,000 6,900 6,100
Au Sable Au Sable 11,000 14,500 18,400
Clinton R. Clinton 18,000 18,400
Saginaw Saginaw 120,000 360,000 306,400
Buffalo Buffalo R. 122,000 367,600
Cleveland Cayahoga 630,000 747,600
Fairport Grand 570,000 245,100
Lorain Black 240,000 183,800
Monroe Raisin 150,000 122,500
Port Clinton Portage 66,000 6,100
Toledo Maumee 1,400,000 766,000
Oswego Oswego 100,000 141,000 49,000








 suspension of fine sand to the cultures. They attributed this effect to light
attenuation. This lessening of primary productivity may take place even with
high nutrient levels, as is evidenced in a lake in the Netherlands (Gulati, 1972)
where dredging activities resulted in persistently high turbidities.
Others have documented similar influences of turbidity on primary produc—
tivity (Cheng and Tyler, 1976). The adverse effects of light attenuation may
be compounded by altered oxygen relationships in surface waters, due both to
lessened oxygen production and the high oxygen demand of the sediment influx.
Several examples of turbidity affecting primary productivity are available
in the Great Lakes literature. Sullivan (1953) found that phytoplankton standing
crops were usually lower at the mouths of Lake Erie tributaries with high sus-
pended sediment loads that at those with clearer waters. However, very high
nutrient loading may override the negative effects of turbidity. Sullivan found
standing crops of phytoplankton to be higher near the mouth of the Maumee River
(which contributes a very high nutrient load) despite the high concentration of
Suspended solids, a fact which may be attributed to extremely high productivity
near the surface. Further into Maumee Bay, the situation reverts to a reduced
standing crop of phytoplankton, which may be at least partially due to turbidity





















Lake Superior waters. They suggest that this may have reflected higher phyto-













































































































































































































































































































































































































































































has increased since 1850. Kemp et al. (1974) esimtated that sedimentation
rates in Lake Erie have increased threefold since that time, due largely to
land c7,aring and agriculture in the basin, assuming that shoreline erosion
inputs are fairly constant. This may not be strictly true, as White et al.
(1975) felt that the loss of aquatic vegetation (due to siltation) has resulted
in an increased rate of erosion along the shores of Lake Erie.
Other variables may accentuate the effects of increased siltation on aquat-
ic vegetation. King and Hunt (1967) state that the increasing numbers of carp
have a large impact on macrophytes, by uprooting plants and by stirring up the
bottom to cause high turbidities. The importance of carp relative to increased
tributary sedinent loading has not been established.
Benthos
As Lee and Plumb (1974) have pointed out, it is difficult to determine
the effect of Suspended solids on benthic fauna and flora because very little
is known about their response to increased rates of siltation. Some benthic
organisms, Tubificiae and Chironomids, for example, may tolerate or even thrive
in increased sedimentation.
 
Rolan and Skoch (1976) present an overview of oligochaete and amphipod
distributions in the Great Lakes. In many cases the occurrence of oligochaetes
is not strictly determined by substrate, but may be controlled by organic matter
from sewage or industrial discharges. Nonetheless, soft substrate is required
to support large populations of these benthic organisms.
Large populations of oligochaetes are found throughout the southern portion
of Lake Michigan and near the mouth of the Grand River. High organic loading
from Chicago, Milwaukee, Gary, and St. Joseph may contribute to the high concen-
trations in southern Lake Michigan (Mozley and Howmiller, 1977). The high
concentration near the mouth of the Grand River may be at least partially a
function of organically enriched suspended sediment input from the river.
Oligochaetes in Lake Huron are most numerous near the mouth of the Saginaw
River and, to a lesser extent, along the eastern side of Saginaw Bay. This
distribution may be indicative of organic pollution from the Saginaw River,
although correlation of oligochaete populations with the distribution of river
sediments is poor. Substrate requirements for these benthic fauna are met in
many areas of Saginaw Bay, and abnormally high densities may bedue to a cone
bined substrate/pollutant effect. Hexagenia nymphs are no longer present in
Saginaw Bay, possibly due to depletion of dissolved oxygen at the bottom (Rolan
and Skoch, 1976). Among suggested causes are high inputs of oxygen—demanding
sediments.
A definite west—to-east gradient of oligochaete distribution is present
in Lake Erie, with highest densities in the western basin. Large populations
of Limnodrilus and Tubifex have been found near the mouths of the Maumee, Raisin
and Detroit Rivers. High nonpoint Suspended sediment loads are associated with













 in determining oligochaete occurrences. Brinkhurst (1969) documents the increase
in numbers of oligochaetes in the nearshore waters of Lakes Erie and Ontario,
a distribution which may be attributable to increased organic enrichment of
these waters. Whether this increase is due to increased land drainage of soil
particles and thus partially attributable to nonpoint sources, or to organic
waste inputs from point scurces is not clear. However, Brinkhurst feels that
the phenomenon is not due to depth requirements of the organisms, as no such
depth-related pattern is established from other parts of the Great Lakes system.
Fish
Most studies of Great Lakes fish populations have concentrated on Lake
Erie fish. Turbidity, siltation, and the loss of macrophytes are common reasons
given for the decline of fish populations inhabiting or spawning in Maumee Bay
and the shallow areas of Lake Erie. Leach and Nepszy (1976) noted several
species declines which can at least be partially attributed to these factors.
Lake trout tend to avoid turbid waters and additionally are sensitive to
siltation of hard-bottom spawning areas. Unrestricted commercial exploitation
and destruction of summer oxygen regimes have compounded the problem.

















limit for Whitefish populations, the fishery is very sensitive to environmental













































































































































































































































































































































































































































































9. Bigmouth Local records
buffalofish




Declined because of inability of fish to
reach spawning grounds. Spawns in large
rivers or in the shallows of the lake.
Prefers quiet, clear water with large
abundance of aquatic vegetation.
Inhabits same areas as spotted gar, but with
less dependence on vegetation.
Prefers clearest waters with swift current;
needs large supply of small fish to feed on.
Decline since 1935 directly attributed to
increased turbidity.
Is tolerant of clear and turbid waters if
phytoplankton population is high. Winter
death rate appears to be high, especially
among the young.
Experienced sharp decline in number spawning
in Maumee Bay early in 1900's due to in-
creased smothering of spawning grounds by
siltation.
Inhabits clear water with abundant aquatic
vegetation. Large catches recorded in
Maumee Bay from 1900-1910. Decline since
1910 due to inability to reach spawning
grounds.
Was one of first species to become commer-
cially important; declined in Maumee Bay
after 1905. Spawns in clear, shallow
waters with abundant aquatic vegetation.
Maintained large population in Maumee River
in 1942. Occupies shallow and turbid waters,
and is in competition with the carp.
Inhabits areas where siltation and industrial
pollutants are at a minimum.
Inhabits shallow and clear waters with clean
and silt-free bottom of sand, gravel, or bed-
rock. More abundant before 1925. Declined
with increased turbidity.
SOURCE:
Adapted from Trautman, 1957.
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Prefers clear water with clean sand, gravel,
or boulders. High degree of intolerance to
turbidity and chemical pollutants. Before
1890-1920, species was numerous in Maumee
River.
Appears tolerant to increased turbidity,
siltation, organic and inorganic pollutants,
and low oxygen. Favors dense aquatic vete-
tation rich in nutrients.
Inhabits warm stream with abundant organic
matter (either contributed by sewage or by
biologic conversion of inorganic fertiizers
from fields, rooted aquatic vegetation, or
byproducts. Inhabits either clear or turbid
waters.
Is possible carp-goldfish hybrid. Occupies
same habitat as carp, but is less tolerant
to cool waters, turbidity, rapidsiltation,
and domestic and industrial pollutants.
Inhabits quiet and clear waters with bottom
composed or organic debris and/or sand with
abundant aquatic vegetation.
Is usually found in clear water l-20 m deep
with a gravel bottom.
Inhabits clear waters with the bottom unim-
portant.
Needs clear water with sandy or gravel bottom
and some aquatic vegetation.
Inhabits clear water with depth ranging from
1-20 m with bottom composed of sand or gravel.
Has decreased in Maumee Bay due to increased
silting and turbidity.
Appears tolerant to many environments, such
as increased turbidity, siltation, and do~
mestic or industrial pollutants. Deposits
eggs on underside of objects.
-l35—
 TABLE A4 (cont'd.)






















































































































































































































































































































































































































































































































































































































































































Appears to decrease in numbers in turbid
waters. Needs clear waters with abundance
of submerged aquatic vegetation and a
sandy bottom.
Decreased in last 25 yrs due to increased
turbidity. Inhabits bottoms composed of
clean gravel or boulder. Requires a
maximum depth greater than 1 m.
Inhabita essentially nonflowing waters with
bottoms composed of soft muck and organic
debris, gravel, hard sand, or nonflocculent
clays.
Exhibits no preference to type of bottom.
Appears more tolerant to turbidity and
siltation than other sunfish.
Has decreased from 1920-50 despite repeated
planting of fry and adults. Inhabits waters
which are clear or which contain little sus-
pended clay or silts, with bottoms composed
of sand, gravel, or muck containing organic
debris. Needs an abundance of aquatic
vegetation.
Inhabits clear non—flowing waters which do
contain clayey silt in suspension. Needs
bottom composed of muck or sand partly
covered with organic debris with a dense
aquatic vegetation.
Inhabits shallow, more turbid waters with
silty bottoms.
Inhabits shallow water with bottoms composed
of gravel and bedrock. Has declined in
.Maumee Bay due to increased turbidity.
Inhabits clear, shallow water with an
abundance of rooted aquatic vegetation.
Bottom composition usually muck, organic
debris, sand, or gravel. Has declined in
turbid and siltating waters.
 TABLE A4 (cont'd.)














































































































































































































































































































































1.5 m deep. Appears to tolerate turbid




 Swenson et a1. (1976) have investigated the effects of red—clay turbidity
on the aquatic environment of Lake Superior and have concluded that definite
differences in fish community structureare evident between clear and turbid
waters. However, they do not document any changes which have occurred over
time due to increased suSpended sediment loads. In essence, their studies
describe ecologic differences which exist in response to natural nonpoint source
suspended sediment loadings.













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































biological breakpoint exists between 7.5 and 10.0 mg/L chloride, which may




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































has been noted in all of the Great Lakes with the exception of Lake Superior
(Engel, 1962; Robertson, 1966; Evans and Stewart, 1977). Specific occurrences
of these species will be discussed Subsequently with respect to chloride loading
in each of the Great Lakes.
Lake Superior
Because its basin lies mostly outside the Paleozoic carbonate belt that




















solids and alkalinity than the other lakes. Chloride levels are extremely low
with the exception of localized areas where brine from mining operations are












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 has been noted in all of the Great Lakes with the exception of Lake Superior
(Engel, 1962; Robertson, 1966; Evans and Stewart, 1977). Specific occurrences
of these species will be discussed subsequently with respect to chloride loading
in each of the Great Lakes.
Lake Superior





























































































































































































































































































































































































































































































































































































































































































































































































 plankton composition toward salt—tolerant species such as Stephanodiscus.
The rapid spread of the marine alga, Bangio atropurpurea, has been related







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Sandusky Bay during April of 1974. This diatom had not previously been reported
in the western hemisphere.
Chloride loading data (Sonzogni et al., 1978) indi—
cate that the Sandusky River carries about 50,000 metric tons of chloride per
year into the bay, with over 90 percent of this load originating from diffuse
sources. At this point, however, it is a matter of conjecture whether chloride
inputs are related to observed algal blooms. Investigations concerning direct
and indirect effects of a range of chloride concentrations on algal species com—
position and productivity are necessary. It would be interesting to look at
blooms off of the Maumee River, which has a chloride loading five times as
great at that of the Sandusky.
Lake Ontario
Lake Ontario is also receiving large amounts of chloride. According to
Dobson (1967), chloride and sodium levels in Lake Ontario are changing more
rapidly than any other constituents and, at their present rate of increase,
concentrations will double in the next fifty years. The Oswego River is re-
sponsible for 85 percent of the U.S. tributary load. Fifty percent of the Os-
wego input comes from identified point sources (Sonzogni et al., 1978).
As in Lake Erie, localized water problems in embayments adjacent to highly
urbanized areas can be directly related to deicing salt runoff. Bubeck et a1.
(1971) f0und that local chloride build—up in Irondequoit Bay had increased five
times in the last 20 years, exceeding limiting values set for drinking water.
Chloride levels were largely due to runoff of deicing salt. During the winter
of 1969—70, runoff was high enough to prevent complete vertical mixing in spring.
It was determined that the period of summer stratification had been prolonged
by a month based on comparisons with 1939 conditions. This is a good example
of a nonpoint source impact.
Stoermer et al. (1974) noted that many dominant and Subdominant taxa of
phytoplankton in Lake Ontario occur most abundantly in brackish and saline in-
land waters. Phytoplankton compositional changes have previously been attributed
to eutrophication in general, but Stoermer et al. (1974) emphasized the importance
of considering the interaction of both physical and chemical factors when re-
garding such changes. Beeton (1966) similarly suggests that changes in benthic
communities, bacterial abundances and fish growth rates may be due to environ-
mental conditions not related to eutrophication. He also stressed the impor—
tance of looking at total dissolved solids and major ions.
SILICA
Silica is an absolute necessity in diatom cell wall formation and cell
division (Lewin, 1962). Diatoms are able to increase in biomass only until
all available silica has been utilized in cell wall formation. The silica
depletion that results from high phosphorus loading thus causes qualitative
and quantitative changes in algal populations. When phosphorus is added to a
system in excess, depleting silica, a species shift will occur towards pre-
































































Recent experiments (Schelske and Stoermer, 1971, 1972) have shown that
silica is indeed limiting diatom growth in southwestern Lake Michigan.
Approximately ten to twenty times more phosphorus is being added than can be
utilized by diatoms at available silicalevels. In 1969, lowest concentrations
of silica were found in southernmost surface samples within Lake Michigan (Schel—
ske and Callender, 1970). Chicago water intake records also show decreasing
silica concentrations with time (Powers and Ayers, 1967). Diffuse source loads
of phosphorus in Lake Michigan are contributing to phosphorus overloads with
respect to silica concentrations.
While some have suggested that diatom production is dependent on watershed
input of silica (Lund, 1972; Upchurch, 1972), the majority of investigators
have emphasized the importance of contributions of reactive soluble silica via
dissolution and recycling processes (Duthie and Sreenwasa, 1971; Frey, 1974;
Parker and Edington 1975, 1977a; Conway et a1., 1977; Nriagu, 1978). For example,
silica budget calculations (Nriagu, 1978) have shown that regeneration of silica
from Lake Ontario and Erie sediments far exceeds annual inputs from external
scurces. About 90 percent of the silica taken up by diatoms is reconverted
to soluble silica at the mud-water interface following die—Off and settling
of diatom blooms (Nriagu, 1978).
Table A5 shows that, while the storage pool of silica in the lakes is
large, some silica is lost permanently each year. Thus, inflow of silica from
tributaries is necessary to maintain silica levels. The impact that control


























































































1. Including the Welland Canal.


















































g A major concern identified by the Pollution from Land Use Activities Ref-
; erence Group (PLUARG) is the impact of toxic materials entering the Great Lakes
” from both point and nonpoint sources (PLUARG, 1978a). Although a great deal
of information has been collected on the toxicological effects of contaminants
in the environment (see for example, the extensive literature review of Leland
et al., 1978), relatively little is known about the significance of nonpoint
sources. This section summarizes available information on three important
classes of toxic contaminants known to arise from land drainage; heavy metals
and trace toxic elements; industrial organics; and pesticides. Many gaps in
understanding the impact of trace contaminants on the Great Lakes ecosystem
H still need to be filled.
HEAVY METALS AND TOXIC ELEMENTS
 
Problems caused byheavy metals entering the Great Lakes ecosystem were
brought to the attention of both scientists and the public at large in the
late 1960s when mercury contamination closed the Lake St. Clair fishery. While
steps have been taken to alleviate this problem, there is still concern about
the potential for future problems associated with mercury and other toxic ele-
ments .
 
In an extensive study, Fitchko and Hutchinson (1975) correlated heavy
metal concentrations in sediment at 116 river mouth locations with general
levels of development in the watershed. Generally, undeveloped watersheds
showed low concentrations while those with significant urban—industrial activ—
ities showed higher levels. A number of significant correlations were also
reported between metal concentration (especially lead, copper, nickel, zinc,
manganese, and mercury) andclay and organic matter content, (meaSured by loss
on ignition). It is difficult to separate out point and nonpoint source effects,
but it is probably safe to conclude that nonpoint scurces are not a significant
scurce of metals, since past studies (Sonzogni et al., 1978) indicate inputs
from undeveloped areas are derived mostly from nonpoint sources. This con-
clusion is consistent with the reSults of the land runoff monitoring program
conducted by PLUARG (1978b).
As with phosphorus, the availability of metals and toxic elements is a
factor in determining effects. Limited studies on suspended solids from Great
Lakes tributaries (Armstrong et al., 1978) indicate that 20 to 70 percent of
the total concentration of metals Such as copper, zinc and leadwere in an
available form. The variation in the percent available depends on the river
system, size fraction and specific metal. In most cases it w0uld appear that
less than 50 percent of the metal is available.
—149—
  
Two criteria have been suggested (PLUARG, 1978a) for evaluating the problem
potential of a given heavy metal or trace element:
1. Potential for methylation to a more toxic, bioactive form.
z. Increased levels in the Great Lakes system, indicating loadings above
natural background (Thomas, 1977).
Using the above criteria, the following prioritized list was suggested
for further study:
1. mercury, lead
2. arsenic, cadmium, selenium
3. copper, zinc, chromium, and vanadium
Of these, only lead is strongly linked to nonpoint sources. The discus—
sion which follows is thus limited to lead.
Lead
 
Most of the lead entering the Great Lakes is from diffuse sources. In
general, lead levels do not significantly limit the use of the Great Lakes.
Lead concentratiOns in the open waters of the lakes fall well below limits
recommended by the Water Quality Objectives Workgroup of the International
Joint Commission. Levels of lead in Great Lakes fish also fall well within
the established guideline of 10 mg/kg (PLUARG, 1978a). Concern has been ex-
pressed, however, that lead may undergo chemical and biological methylation in
the lakes, magnifying its potential toxicological effects. Lead has been found
to inhibit photosynthesis and to bioaccumulate in both vertebrates and inver-
tebrates, where it may produce lethal and Sublethal effects.
Sources. It is estimated (PLUARG, 1978a) that approximately 90 percent of the
6,700 metric tonnes of lead entering the Great Lakes are from diffuse sources.
About 3,600 metric tonnes, or 60 percent of the diffuse load, is from atmos—
pheric deposition. Another 800 tonnes per year is from shoreline erosion. This
leaves approximately 1,600 tonnes contributed each year by land drainage.
The greatest nonpoint SOurce contributors of lead on a unit area basis
are urban areas, where automobile exhaust gases and industrial processing emis—
sions are the major sources. Unit load estimates found by PLUARG range from
0.06 kg/ha—yr in residential areas to a high of 7.0 kg/ha-yr in industrial areas.
Average loading values for urban areas in general range from 0.14 to 0.5 kg/ha—yr.
Observed unit area loads of lead from agricultural areas are an order of
magnitude less than those from urban areas, with estimated values ranging from
.002 to .08 kg/ha—yr. Sources include native lead in the soil and atmospheric
deposition on the land surface.
Unit area loads from forested and other lands are generally lower than
those from agricultural areas. Unit area loads of 0.01 to 0.02 kg/ha—yr have
been reported. SOurces are similar to those on agricultural lands.
































in the lakes is its potential ability to undergo chemical and biological methyl—
ation, forming highly toxic tetramethyl lead.
There is some question about how
extensive methylation is in the Great Lakes.
An alternative View holds that
most of the lead inputs are lost to the bottom sediments.
Data clearly shows
that significant quantities of lead are reaching the sediment (International
Joint Commission, 1975 ; PLUARG, 1978a).
Little information is available re—
garding the potential for its subsequent re—releaseto the water column.
There is evidence, however, of release mechanisms other than direct release
from the sediments. Studies of angiosperms in English lakes indicated that
lead content of root and shoot tissue varied more closely with sediment lead
concentrations than with concentrations in the water (Welsh and Denny, 1976).
Other studies on a small English estuary have shown a pattern between lead
concentrations in filter feeders (clams) and concentrations in sediments (Brynan
and Hummerstone, 1977). Lead levels in algae, on the other hand, have been
correlated with concentrations of lead in the water (Payer et al., 1976).
AlthOugh lead is widely recognized as an environmental toxicant, informa-
tion concerning its effects on the biota is far from complete. Experimental
results have shown that concentrations needed to inhibit growth and metabolic
processes in aquatic flora vary considerably, depending on such factors as the
degree of chelation, concentration of cells and nutrients, physiological state
of cells, and temperature (Leland et al., 1978). T0xicity is generally greater
in waters of low hardness. This is significant as Great Lakes waters are of low
to medium hardness (Great Lakes Basin Commission, 1976a). Concentrations of
PbClz as low as 0.085 mg/L Pb have been fOund to reduce photosynthesis of PL
tricornutum by 25 to 50 percent, while at 8.5 mg/L Pb concentrations phytosyn-
thesis was completely suppressed (Wollery and Lewin, 1976). Inhibition of growth
has also been reported by Silverberg et al. (1977). Gaechter (1976) found that
lead inhibited photosynthesis less than did mercury, copper, calcium, and zinc.
Evidence of synergistic and seasonal variation in organism sensitivity was also
discovered.
Studies of marine and freshwater invertebrates have revealed lead bio—
accumulation. Concentrations of lead observed in selected freshwater inver-
tebrates range from 10 to 48 mg/g dry weight (Anderson, 1977; Manly and George,
1977). The latter study also showed a positive correlation between increased
body weight and lead concentration in the tissues in contaminated portions of
the Thames River; no correlation was found in uncontaminated portions of the
river. Recently, Borgmann et al. (1978) found that Lymnaea palustris, a fresh-
water snail, Suffered a significant increase in mortality rate and a 20 percent
reduction in biomass production when exposed to low levels of lead in Lake On-
tario. Importantly, the level used in these tests was below the limit for lead
proposed by the International Joint Commission (1976).
Information regarding lethal and sublethal concentrations of lead for
aquatic invertebrates is scarce. Lead concentrations of 0.5 mg/L Pb were fOund
to inhibit unadapted pOpulations of Vorticella convallaria (Sartory and Lloyd,
 
1976). Relationships have been found between size and metal concentration in












concentrate in the fat tissue, lead and other metals tend to accumulate in the
organs and muscle (Somero et al., 1977). Other experiments have indicated that
the rate of lead uptake increases at lower pH levels, possibly due to higher
concentrations of free Pb2+ at lower pH (Merlini and Pozzi, 1977).
Recent literature on the toxicity of metals to fishes has stressed the
importance of sublethal effects of expOSure: changes in growth, fecundity or
brood survival; physiological and biochemical alterations; and immune response
suppression. Tests of the chronic toxicity of lead to brook trout showed toxic
symptoms at 84 mg/L Pb but not at 39 mg/L Pb (Holcombe et al., 1976). The same
experiments showed that lead accumulated during the egg, alevin, and juvenile
life stages. In another series of experiments to measure the toxicity of lead
to brook trout, Davies (1975) demonstrated that results may vary widely, depend—
ing on whether total or dissolved lead concentration is measured. Experimental
results in hard water showed a 96-hour lethal concentration to 50 percent of fish
(LC50) of from 1.32 mg/L to 1.47 mg/L dissolved lead, compared to 471 mg/L to
542 mg/L total lead. Results in soft water showed a 96—hour LCSO of 1.17 mg/L
dissolved lead. Similar patterns were observed when evaluating sublethal effects.
Substantial additional data on lethal and sublethal effects on fish can be found
in USEPA, 1976. Little or no information is available on Great Lakes fish,
however.
Information on accumulation of lead in higher order vertebrates and its
effects vis a vis water quality use is scarce. A survey of herons on Lake
Erie showed no significant lead accumulation (Hoffman and Curnow, 1973). Water-
fowl tested in New York State, however, showed lead levels upward to 14.0 mg/kg
(Baker et al., 1976). Effects of lead on humans are well documented and have
been summarized elsewhere (e.g., U.S. Environmental Protection Agency, 1976).
In summary, it is apparent that excessive levels of lead entering the
aquatic environment could adversely affect the biota. Currently, however,
lead does not appear to be causing any significant impairment of the Great
Lakes resource. Restrictions on the use of leaded gasolines should reduce
future inputs. Research should be conducted, however, to determine long—term
trends of lead accumulation in the environment and the extent to which methyl—
ation occurs.
INDUSTRIAL ORGANICS
Industrial organics are of the most recent concern among toxic pollutants
in the Great Lakes. Due to the extreme toxicity at very low levels, many of
these substances present perhaps the most serious threat to the Great Lakes
of all toxic substances. Since industrial organics are derived principally
from manufacturing and other industrial processes, land runoff is not usually
a major source of these Substances. Industrial organics include benzene, hexa-
chlorobenzene, phthalate esters, toluene, dioxins and polychlorinated biphenyls




 Polychlorinated Biphenyls (PCBs)
 
Since their introduction 50 years ago, PCBs have spread throughout the
environment, primarily by atmospheric transport. Perhaps because of the Great
Lakes position at the center of a highly industrialized region and their unique
ecological status, they have been particularly Susceptable to PCB inputs from
all sources: point, land runoff, and atmospheric. Atmospheric deposition on
the land and subsequent runoff appears to be the major nonpoint source of PCBs
in the lakes. PCBs bioaccumulate in both invertebrates and vertebrates, with
lethal and sublethal effects.
Sources. The tributary load of PCBs to the Great Lakes was recently es—
timated by PLUARG (1978a) to be 700 kg/yr, 40 percent (310 kg/yr) of which
comes from urban areas. This estimate may be conservative. Armstrong and
Weininger (1978) estimated that, for Lake Michigan alone, streams and municipal
wastewaters contribute about 750 kg of PCBs annually. A complete mass balance
of PCBs for Lake Michigan, developed by Armstrong and Weininger from information
derived from Murphy and Rzeszutko (1977) is given in Table A6.
Estimation of PCB loads is complicated because concentrations are generally
low andseveral isomers are in use. Significant inputs may be entering the
lakes undetected.
Results from the PLUARG pilot watershed studies showed PCB unit area loads


















(PLUARG, 1978a). This suggests that the major source of PCBs derived from land



































































































































































































































































































































































































of how PCBs act in the environment, however.
 TABEE A6
ESTIMATED INPUT, OUTPUT AND CONTENT OF PCBS IN LAKE MICHIGAN
 
MASS OF PCBS IN WATER (kg)
Dissolved (12 mg/L) 61,000 kg
Suspended (19 mg/L) 91,000 kg
Total 152,000 kg
MASS OF PCBS IN SEDIMENT (kg)
Upper 2 cm (0.4 ug/g) 128,000kg
2-5 cm (0.02 ug/g) 9,600 kg
Total 137,000 kg
INPUTS (kg/yr)l







Biodegradation, volatilization, harvesting 0
Surface water discharge 1,520 kg/yr
Sedimentation 6,900
Total 8,420 kg/yr
1. Inputs based mainly on Murphy and Rzeszutko (1977).
2. Loss from the industrial facility at Waukegan, Illinois was about 0.5 x 106 kg.
One-third was assumed to reach Lake Michigan and the loss was assumed to be
distributed over a 20-year period.






















































PCB levels up to 13,000 ppb
(Dennis, 1975).















Studies on Escambia Bay,
Florida, indicate that PCB—laden sedi—
ments are a continuing source for the aquatic biota (Duke, 1974).
No information was found on levels of PCB in aquatic flora of the Great
Lakes.
Information concerning toxic effects on aquatic invertebrates in the
Great Lakes is also scarce.
Experimental results have shown that small insects
and crustaceans with short life cycles are most sensitive to PCBs, although
the degree of toxicity is related to the PCB isomer tested (Nebeker, 1975).
For example, a 50 percent reduction in midge reproduction was observed at Aroclor
1254 concentrations of 0.45 mg/L.
Similar results in Daphnia were found at
concentrations of 1.3 mg/L (Nebeker, 1975).
In the latter case, 2.1 mg/L of
Aroclor 1248 were required to produce a similar reduction in reproduction.
In addition to direct toxic effects, PCBs tend to bioaccumulate in insects
and other invertebrates.
Studies summarized by Nebeker showed bioconcentration
factors up to 50,000 for Aroclor 1248 by Gamarus pseudolimnaeus.
The rapidity
with which some organisms accumulate PCB was also demonstrated.
Daphnia magna,
exposed to 1.1 mg/L concentrations of Aroclor 1254, accumulated total body
concentrations 48,000 times greater than the water concentration in 96 hours.
In another experiment, mosquito larvae (Culux tarsalis) accumulated l9 mg/g
of Aroclor 1254 in 24 hours, a 12,600—fold magnification of the water concen-
tration of 1.5 mg/L. Although these are reSults of laboratory experiments,
there is evidence that similar bioconcentration factors occur in natural waters.
Specific effects of PCBs derived from land runoff on Great Lakes insects are
not known, however.
 
Most of the work reported on PCBs concerns their uptake, accumulation,
and effect on fish and higher vertebrates. Ingestion (consumptive uptake) of
PCB—concentrating invertebrates is probably a significant SOurce of PCBs in
fish. However, direct uptake of PCBs from the water (primarily Via the gills),
even when concentrations are very low, has been generally thought to be the
most important source. Experiments reported by Nebeker (1975) indicated a bio-
concentration factor of 30,000 to 270,000 in fathead minnows for a range of
Aroclors. CompOunds with a higher proportion of chlorine tended to have the
highest bioconcentration factors. Other studies (U.S. Environmental Protection
Agency, 1976) showed similar results. Studies by Veith and Lee (1971a and 1971b)
on the Lower Milwaukee River showed bioconcentration factors for Aroclor 1248
in goldfish ranging from 70,000 to 200,000. Bluegill sunfish exposed to Aroclors
1248 and 1254 showed a bioconcentration factor of 71,000 (Stalling and Mayer,
1972).
Despite dramatic bioconcentration through direct uptake, Weininger (1978)
reasoned that it along does not account for the PCB levels in the Great Lakes
fish. Based on a bioenergetics model, he concluded that most of PCBs found in
many Great Lakes fish is the result of consumption of PCB-laden foods. The
  
predominant pathway for these fish was concluded to be the following: water—3
phytoplankton and suspended particulates—izooplankton—imacroinvertebrates-:forage
fish (e.q., alewives)—-pisciverous fish (such as lake trout and salmon).
Studies have also been conducted to determine the lethal and sublethal
effects of PCB exposure to fish. Ninety—six hour LCSO (Lethal Concentration
to 50 percent of the population) values of 15 mg/L and 7.7 mg/L for Aroclors
1242 and 1254, respectively, were determined for fathead minnows. Concentrations
of 8.8 mg/L and 4.6 mg/L for the same two Aroclors were fatal to 50 percent of
the fathead minnows in a 60-day continuOus flow experiment (Nebeker et al.,
1974). In contrast, 96-hour LCSO values for cutthroat trout ranged from 1,170
to 50,000 mg/L. Because of its low solubility in water, PCB toxicity to fish
tends to increase with longer exposure times.
Tests using fathead minnows (Nebeker et al., 1974) showed that significant
reductions in spawning OCCurred at concentrations of PCB of 1.8 mg/L, althOugh
egg hatchability and fry survival were good. Growth of young was affected
above 2.2 mg/L Aroclor 1248, however, and none survived at concentrations greater
than 5.1 mg/L.

















in the diet of 1.2, 3.8, and 12 mg/g reduced growth by 6, 10, and 28 percent,
respectively. Growth of the group fed 12 mg/g was about half that of the con-
trol group after six months.
In addition to controlled studies to determine the effects of PCBs on
















































































































































































































































































































































 sources could be identified. This has not been found to be the case, according












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































There has also been a significant change in the types of pesticides used,
especially insecticides, over the past 10 years.
Many of the highly toxic
persistent chlorinated hydrocarbon compounds, Such as DDT, aldrin—dieldrin,
and chlordane, have been banned or have had severe restrictions placed on their
use. The organophosphate and carbamate compounds, such as carbaryl (Sevin),
malathion and guthion, that have replaced them, are much less persistent and
do not bioaccumulate as readily. They may be as toxic to nontarget organisms
as the chlorinated hydrocarbons, however. Importantly, the organochlorine
pesticides provide an excellent example of how pollutants derived from land run—
off have had an obvious and serious effect on the Great Lakes.
Except for waste discharges from manufacturing plants, pesticide inputs
to the lakes are from diffuse SOurces, both atmospheric and land runoff. PLUARG
studies detected a range of pesticides in tributary drainage waters, including
atrazine, DDTand metabolities, dieldrin, lindane, endrin, heptachlor and
endosulfan (PLUARG, 1978c). Levels were generally too low to permit calculation
of pesticide loads. Only atrazine, a herbicide used widely in corn production,
was found frequently in stream samples (PLUARG, 1978b; Chesters et al., 1978).
Because it degrades rapidly and its use appears to be declining, it was deter—
mined not to be a significant problem.
Continuing inputs of chlorinated hydrocarbon compounds, such as DDT and
dieldrin, the use of which as been banned or restricted, arise mostly from
residues in the soil. The carry-over of persistent pesticides has been demon-
strated in studies of agricultural areas where DDT and dieldrin residues in the
soil were found to be equal to or greater than the average annual rates of
application.
Insecticides
The three principal characteristics of concern in evaluating the environ—
mental impacts of insecticides are persistence, potential for bioaccumulation,
and toxicity. It was the first and second characteristics that raised concern
over the use of organochlorine compOunds, such as DDT. As mentioned, these
compounds are persistent in the soil, causing a significant buildup in fields
on which they are applied. The newer organophosphate and carbamate pesticides,
on the other hand, have half-lives ranging from several days to three or four
months. Thus, they are less likely to be transported to streams and the lakes.
Although the chlorinated hydrocarbons are persistent, degradation mecha—
nisms in the soil reduce their half-life. These include chemical reaction,
microbial enrichment and co-netabolism (Goring et al., 1975). While it is
not possible to precisely evaluate the activity of these mechanisms on a large
scale (i.e., the Great Lakes), it should be noted that their levels in Great
Lakes waters and fish samples have declined rapidly since their use was banned
or restricted (International Joint Commission, 1976a; PLUARG, 1978a).
Sediments act as a sink for pesticides in the aquatic environment. Release
from the sediments to the water is dependent on the solubility of the compound
in water, its concentration in the sediment, sediment composition, and the









minimized, however, due to the input of "clean sediment" (PLUARG, 1978b).
The distribution of these insecticides in Great Lakes sediments varies.
Samples from Lake Superior showed trace levels (1.0 mg/kg or less) of DDT, DDD,
and DDE. No other pesticide residues were reported. Lake Huron sediment samr
ples showed a range from 3.0 to 30.7 mg/kg for DDT and its metabolites (Inter-
national Joint Commission, l977c). Some areas showed contamination with dieldrin.
Total DDT residues were found in 90 percent of sediment samples collected on Lakes




















with dieldrin and chlordane as well.
Levels of total DDT observed in the upper Great Lakes open waters generally





























































































































































































































































































































































































































































































































































































































































































































































essentially undetectable in all samples.
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In addition to the bioaccumulative capacity of the chlorinated hydrocarbon
compounds, the direct toxicity, both acute and chronic, of all types of insec-
ticides should be considered. Although large scale problems from land—derived
insecticides are unlikely, local problems could occur. In this respect, there
may be very little difference between the persistent organochlorines and the
organophosphates and carbamates: LCSO concentrations for many compounds in each
class fall within the same orders of magnitude for a wide range of freshwater
organisms (see summary in Appendix 2 of U.S. Environmental Protection Agency,
undated).
 
Table A7 was compiled to show comparative values for a number of organisms.
As the figures show, 96—hour LCSO concentrations for invertebrates are similar.
Fishes, however, seem to be somewhat less susceptible to the less persistent
compOunds. This pattern can also be seen in larger data sets (U.S. Environ—
mental Protection Agency, undated). It must be remembered that in a total
ecosystem, effects at one level of the food chain will have repercussions through-
out the system. Thus, lethal effects on the invertebrates may reSult inreduced
fish populations.
Sublethal and chronic effects are also associated with pesticide inputs.
These effects vary from species to species as well as from compound to compound
(U.S. Environmental Protection Agency, 1976 and undated).
HERBICIDES
In general, herbicides are less toxic and less Subject to bioaccumulation
than insecticides (U.S. Environmental Protection Agency, 1974). Herbicides
such as silvex, pichloram, 2,4—D, and dichlobenil do not appear to bioaccumulate
more than tenfold, if at all, in aquatic organisms; this is compared to accumu—
lation factors of one million or more for DDT (U.S. Environmental Protection
Agency, 1974).
Many herbicides are water soluble, so they do not partition as greatly in
favor of fat tissues as do the organochlorine pesticides. As a result, herbi—
cides and their metabolites are not passed as readily through the food chain,
and cumulative effects are not commonly seen.
In actual toxicity tests, a wide range of susceptibilities has been found
in freshwater invertebrates. Dichlone was found to be the most toxic compound
out of 16 tested, with 48-hour LCSO values of 0.025 mg/L for Daphnia magna
and 3.2 mg/L for crayfish (U.S. Environmental Protection Agency, 1974). In
comparison, the 48-hour LCSO for D. magma for atrazine, a herbicide found in
Great Lakes tributaries, was found to be 3.6 mg/L, a concentration of almost
150 times that of dichlone to produce the same lethal effect. This is more
than 1,000 times higher than the mean concentration of atrazine found in PLUARG
agricultural watershed monitoring studies (PLUARG, 1978c).
As with other toxic materials, herbicides may also produce Sublethal and
chronic effects in aquatic organisms. Little information on this is available




























































































































       
a. 48-hour LC50
SOURCE: U.S. Environmental Protection Agency, undated.
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